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ABSTRACT

Commutation reactance infiuences many aspects of
HVDC systems. This thesis is primarily concerned with
showing how the optimum range of commutation reactance can
be determined based on reliable valve operation and low
capital equipment and operating costs and how the resulting

reactance in the commutating circuit affects the HVDC system.

Arcback requirements of mercury are valve rectifiers
and dc fault currents for thyristor valves are shown to
determine the minimum commutation reactance allowable. Both
are limited by reactance in the commutating circuit. Reactive-
power and regulation requirements as well as higher equipment

ratings are shown to 1imit the maximum commutation reactance.

Once the commutation reactance for a particular scheme
fis determined, its effect on system operation is considered.
Génerating uncharacteristic harmonics due to unbalanced
reactances in the commutating circuit is discussed as well as
the need for compensating commutation reactance common to

several inverters.
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NOTATION

rms line-to-line transformer secondary voltage

L

Em | | phase-to-ground peak voltage

EmF;L phase-to-ground peak voltage corresponding to

full Toad

El’EZ’ES’ET phase-to-ground rms voltages
ea;eb,eC instantaneous phase-to-ground voltages
IL ' total rms transformer secondary current
Id direct current

IdF.L full load (rated) direct current
Ia,Ib,IC rms phase currents

Iab rms value of the ércback current

.

I IR RS, IR RV R . '
T121p2032 000557 instantaneous valve currents

ia’jb’ic transformer se;ondary phase currents

I(n)o rms value of nth harmonic current with no overiap

V0 . average dc no load output voltage

Vo%.L. average dc no load output voltage corresponding

| to full load

Vd average dc output voltage.

V(n) rms value of nth harmonic voltage

XS - ﬁer unit system reactance on converter transformer
base

XT per unit converter transformer leakage reactance on
own base

XC_ per unit commutation reactance on converter

transformer hase



<

> ™ W

X1

per unit mutual reactance on converter transformer

base

per unit arcback reactance on converter transformer
base

phase inductance |

phase inductance of the ac system

phase inductance of the converter transformer
system short circuit capacity

pulse number of the converter

harmonic number

commutation overlap angle

delay angle of a valve measured with respect to the
natural commutation point

minimum de-ionization angle of an inverter valve
de-ionization angle of an inverter va]vé (vy > YO)
advance angle of firing an iﬁverter valve

power factor

radian frequency




Chapter 1

INTRODUCTION

HVDC technology has developed considerably in recent
decades and today HVDC transmission schemes are in operation
as viable alternatives to AC transmission. Much work has been
done to solve the many technical problems associated with this

relatively new technology.

Rectification, inversion, reactive power requirements,
harmonic generation, apparatus and converter control are some
of the numerous areas which have required_analysis in .

developing successful HVDC system designs.

An important aspect which is common to all these
éreas of study of HVDC systems is commutation reactance. Many
ﬁeéhnica] papers have been written on various aspects related
to HVYDC design and operation; however, none deal directly

with the many effects of commutation reactance on HVDC systems.

This thesis attempts to correlate and present a unifiéd
treatment of commutation reactance to show its varied and complex
influence on direct current system technology. This thesis and
the attached bibliography point out areas where the consideration

of commutation reactance is important.




HVDC converter equations are based on necessary
assumptions which simplify the derivation of these equations.
Chapter II introduces the basic converter equations based on
these assumptions. The effect of reactance in the commutating
circuit is included by defining the commutation overlap angle
and showing its relationship to the coﬁmutation reactance.

In conclusion, there is a discussion of the assumptions used

to derive the equations and their validity.

Since both mercury arc and thyristor valves are
temperature sensitive, the current which they may be required
to conduct transiently must be limited. This duty is performed
-by the reactance in the commutating circuit. It is shown that
a finite commutation reactance is necessary and the criteria
for determining the lower commutation reactance Timit is
explained based on thyristor and mercury arc valve thermal

requirements.

Commutation reactance common to a number of inverter
bridges operating in series on the dc side causes interaction
between the valve groups. The need to compensate and exclude
any common reactance from the respective commutating circuits
is discussed in Chapter IV. The effects of operating under

this condition and possible compensation schemes are illustrated.



Generation of harmonics is considered in Chapter V.
The effect of commutation reactance on characteristic current
harmonic magnitudes is shown. Conditions necessary for
uncharacteristic current harmonic generation and in particular,
the effect of unbalanced phase reactance on uncharacteristic

current harmonics is examined.

Regulation and the relationship between the commutating
reactance and the converter transformer rating, reactive power
requirement and tap range is considered in Chapter VI. A sample
calculation is done to demonstrate how these parameters can be
determined and why a minimum converter transformer leakage

reactance compatible with valve requirements should be chosen.

The final chapter examines the role of major system
components in the successful operation of HVDC converters and

their contribution to the commutation reactance.

As well, Appendix I proposes two methods for the
measurement and calculation of the commutation reactance of
operating HVDC converters. Both methods are based on the use
of oscillograms to determine parameter values which are then
substituted into mathematical expressions to yield the required

results.



In recognition of the increasing use of solid state
thyristor valves, comparisons are made throughout this thesis

between thyristor and mercury arc valves.




Chapter 1I

BASIC CONVERTER EQUATIONS

To attempt a study of an HVDC system, it is necessary
to be acquainted with the basic equations govérning converter
operation. Equations have been derived by Adamson and
Hingoranil, Coryz, and Kimbark3 to simplify the understanding

of the operation of an HVDC system.

In this chapter, the equations which represent the
effect of reactance in the commutating circuit of the

converter will be considered.

References 1, 2, and 3 make the following assumptions
in deriving the basic converter equations and these apply to
the equations given in this chapter:

i) constant dc output

i.e., infinite inductance ( smoothing reactor )
on the dc side,

ii) impedance at the ac bus supplying the converter

transformer and the dc converter is zero,

iii) the rectifying element is an ideal short circuit

when conducting and an ideal open circuit when
not conducting,

iv) the magnetization admittance and series resistance




of the converter transformer is neglected,
V) sinusoidal and balanced three phase wave

voltages at the supply point to the dc converter.

Further, two practical considerations musﬁ also be
included. The mercury arc valves or thyristors used in practical
HVDC installations can be controlled up to the point where each
begins to conduct. This is-accomplished by the application of
a negative bias signal to the grid of a mercury arc valve or to
the gate of a thyristor. When conduction does occur, due to the
transformer reactance, it is not possible-to initiate an

instantaneous rate of change of current.

The assumptions provide the basis for the derivation

of HVDC converter equations.

17.1 Rectifier Equations

Figure 2-1 shows a wye connected transformer secondary,
six valves comprising the rectifier, the valve currents and the
output voltage for a rectifier operating with a finite firing

angle and finite transformer leakage reactance.

The equation for the dc output current of this rectifier

is:



Figure 2-1: a) Output voltage, b) valve currents, and
c) rectifier for condition of finite delay
and commutation overlap angle



Id - 3 Em l:cos a - cos (OL‘*‘LI)] (2.1)

2wk '
| where _

/§Em - phase to phase peak vo]tage supplying the
rectifier A

wb - leakage reactance df#;he;converter transformer: .

o - firing (delay) angle | | N

u - commutation overlap angle

The dc output current is related to tﬁe total ac rms
phase current by

L= e Jars (0 - 3% (am) ) (2.2)

where

¥ (a,u) = %_ sin u (2+cos (20#+u) ) - u (1 + 2 cos o cos (otu) )

T (cos o - cos (o+u) )2

which is applicable when finite commutation reactance is being considered.

The factor v1-3¥ (a,u) can be eva{uated for a partjcular o and u from
figure 3.19 on page 46 of reference 1.

Equation (2.2) reduces to

= V23 1 (2.3)

0

for o = u = 0.

The average dc output voltage is given by

vd ) Yg_ [ cos o + cos (o + u)‘] (2.4)

[a]

where




VO - average dc no load voltage and is related to the

ac supply voltage by
y :3/%m
0 i

(2.5)

The drop in the dc power from VOId to VdId is the result
of a lagging power factor on the ac side due to the effects of

the delay and commutation overlap angles.

The power factor can be evaluated by equating real power

on the ac and dc sides resulting in

V. I
d__d (2. 6)

3EmIL

A= cos ¢ = /2

Substituting (2.2), (2.4), and (2.5) into (2.6) yields

cos o + cos(atyu) (2.7)

\/1-3\}.'(aa11)

A = cos ¢ =

3
2T
The converter transformer rating is based on the maximum
ac voltage and current which the converter can handle. This
situation corresponds to operation at o = u = 0% since the voltage

and current are the highest as seen from equations (2. 3) and

(2. 4).
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The corresponding rating is found from (2.3) and

(2.5) and is
3E
MVA; = /3 E I = —/E_ﬂ I
From equations (2.2) and (2.4), at full load
mar = 3 Vor.LTar.L. (2.8)

Knowing the transformer rating, the commutation reactance

in per unit and its relationship to the other parameters can be

found.
On the converter transformer base
L
X o= 2=
c | Zb
E 2
L
where Z, - base impedance = ——
MVAT
) wlL /§ELIL ) ZwLIdF,L,
XC = 5 = (2.9)
Ey ﬁEmF.L.

Using this relation, rearranging and substituting into equation
(2.1) yields
X, = cos a - cos(atu) (2.10)

From equation (2.10), the commutation overlap angle in

terms of the commutation reactance is known for a given value



1

of o. However, it should be noted that equations (2.9) and

(2.10) are exact only when rated quantities are considered.

11.2 Inverter Equations

Variation of the delay angle causes the dc output
voltage to vary over the range V0 to zero. For a rectifier,

the delay angles considered vary from 0° to 90°.

For delay angles beyond 900, the dc output voltage
becomes negative. However, the direct current cannot change
direction because of the uni-directional property of the
inversion elements. Therefore, for values of o greater than
900, the dc power, VdId’ becomes negative and rather than
supplying power to the dc system, the inverter removes power
Trom the dc system and supplies the ac system. This is the

basic principle governing the operation of a dc inverter.

Since inversion results from the delay of firfng the
inversion element ( valve or thyristor ) beyond 90°%, the
requirement for an ac supply is evident. Inversion is not
possible without an ac supply to energize the converter

transformer.



12

The equation for the dc curreht of the inverter is

V3 E
I, = i
d

( cos y- cos B) (2.11)
2wk :
where

v is the de-ionization angle necessary to allow the
valve which is commutating out to de-ionize,

B is the advance angle of firing which includes u

and v .

Figure 2-2 shows the inverter bridge, phase voltages

and output current. As well it defines the angles u, yand B.

The dc output voltage of the inverter is given by

'
Vq = 7? [?os g + COS Y:} - (2.12)

IT1.3 Validity of Assumptions

The preceding equations were based on the five
assumptions Tisted on page 5 . In actual HVDC systems, these

assumptions may not prove to be completely accurate.
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Figure 2-2: Inverter phase voltages and output current.
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The following sections discuss the validity of these

assumptions and their effect on the accuracy of the equations.

i)

constant dc output
i.e. infinite inductance (smoothing reactance)

on the dc side.

The dc voltage on the converter side of the line
reactor has some ripple as shown in figure 2-1.
A six pulse rectifier produces harmonic voltages
of order 6, 12, 18, 24, etc. The magnitude

of these harmonics at zero commutation and
firing angle, as a percentage of the average

dc voltage, are 4.04, 0.99, 0.44, and 0.25

( reference 1 ) respectively for the harmonics
Tisted above. It should be noted that thése

harmonics are of small magnitude.

To see the effect of the smoothing reactor and dc
filters on these harmonics consider the circuit
shown in .figure 2-3. To simplify the explanation,
assume that the input voltage is a combination

of a dc component and a sixth harmonic component,
and can be expressed as A + B cos 6wt. As well,

the de filter shown is tuned for the sixth




B e
smoothing i_
reactor -
dc
V'n <> filter =% Vou’c
¥ ¥
Figure ¢2-3: Circuit used to show effect of dcbsmoothing

reactor and dc filters on dc output.
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harmonic.

The output voltage ( actual dc Tine voltage )

can be written as

Z
VOut = E——%—z— Vin

1 2

- Lo A+ __Eg_ B cos 6wt (2.13)
L1%22 Z1%2o

where
Z1 - impedance of smoothing reactor
Z2 - 6th harmonic filter impedance.

At zero frequency ( for direct current ) the
smoothing reactor impedance (Zl) is zero and

the filter impedance is infinite due to the

VA
series capacitor. The term 2 can be
: Z.+7
1 72
rearranged to 12 and is unity for direct
1+ L
Zy

current.

At the sixth harmonic frequency, the smoothing

reactor impedance is large while the filter
Z

impedance (22) approaches zero. The term
L1%L,
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therefore approaches zero.

The smoothing reactor impedance is very large
JA
2

Z1*2,

and if the filter is not ideal, forces

to approach zero.

As a result,

v (1)A + (0)B cos 6wt

out
= A
and the dc line voltage consists only of a

dc component.

Since the dc voltage is smooth and the transmission
line elements are linear, the dc current is also

smooth.

The preceding development can be extended to the
other dc voltage harmonics. However, dc filters
are generally used to filter the 6th and 12th

o : harmonics which are of the highest magnitude. The
higher order harmonics for which filters are not

provided are passed through into the dc line.

However, due to their small magnitudes, their



i1)

i11)
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presence is insignificant.

impedance at the ac bus suppl¥ing the dc
converter is zero

i.e. ac system has infinite capacity

The effect of assuming an infinite bus at the
supply point to the dc converter is that the ac
system does not affect the converter operation.
The commutation reactance is simply the converter

transformer reactance only.

This situation is approached in actual HVDC
systems when harmonic self-tuned filters are
used. The source of sinusoidal voltage becomes
the ac filter bus and the ac system reactance

does not affect the commutation reactance.

rectifier is an ideal short circuit when
conducting and an ideal open circuit when not

conducting.

Normal HVDC mercury arc valves operating at full
1oad have a forward voltage drop of approximately

50 volts. This drop is less than 1% of a typical




iv)
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high voltage converter bridge voltage rating
and neglecting it does not alter the results.
In high voltage valves, arc drop is practically
constant for all loads and may-be taken into
account as a load dependent resistance in series
with the valve if a more detailed representation

is required.

The assumption of the converter element being
an ideal open circuit results in the neglect of
the reverse leakage current. However, a typical
leakage current is in the order of milliamperes
and does not contribute significantly to full

load current.

The figures for thyristors are generally of the
same order although the power loss in a thyristor
bridge issltightly greater than that for a mercury

arc bridge.

magnetization and resistance of the converter

transformer is neglected

The exciting current in a large power transformer

is usually Tess than 5% of the full load current.
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This small percentage does not affect the voltage
regulation of the ac system. Use of the ideal

transformer turns ratio is not affected.

The winding resistance of large power transformers
is of the order of 1% - 2% of the transformer
Jeakage reactance. It can be considered in the
calculation of the dc parameters but its inclusion

also has an insignificant effect.

sinusoidal and balanced 3¢ -voltages at the

dc supply point

The effect of assuming a balanced 3¢ sinusoidal
supply voltage is to provide equal conduction

peridds for each valve.

In actual systems, slight unbalance and
distortion of the supply voltage is expected and
the controls must be capable of adjusting to these

conditions.
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Chapter III

COMMUTATION REACTANCE

A typical HVDC system with its sending and receiving
end systems is shown in figure 3-1. Although there are many
variations of this basic scheme in use or under consideration,

the majority of HVDC schemes are of this basic type.

Converter valves have two states: on and off. Mhen a
_valve begins to conduct the current increases from zero to the
operating value but due to the reactance in the commutating
circuit, the increase cannot be instantaneous. Commutatibn
.reactance is that reactance directly taking part in the operation
of the valve group and is defined as "the reactance between

the valve group and the source of fundamental ac voltage",

In figure 3-1, referring to the sending end system,
the filter bus is considered the fundamental voltage source
for the dc system, since the low impedance of the filters to
harmonics results in an essentially sinusoidal voltage on the
filter bus, particularly when self-tuned filters are used.
‘In this case, the commutation reactance excludes all system
reactances beyond the filters and consists only of the converter
transformer leakage reactance and the anode reactors if these

are present.




Converter

Generation AC Transmission Transformer
l_2¢ 2 N
(O Sl

| Filters

Smoothing

id//’Reac’cors'\\\J
Y

T B

Sending
End
Valve
Group

Receiving

End
Valve
Group

4

V.

Converter
Transformer

W7t§§tert1ary~MRecehﬁng

deQ ~ End Ac
System
Filters

Synchronous
Condenser

Figure 3-1: Typical HVDC transmission system showing the sending and receiving end

ac systems.

éé
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A similar analysis of the receiving end system can
also be made although in the case of figure 3-1, the simple
result is complicated by the use of the synchronous condenser

on the tertiary of the converter transformer.

In the case where ac filters are not included,

the commutation reactance includes the converter transformer
reactance, the ac transmission line reactance

and the subtransient reactance ( X"d ) of the generators. If
synchronous condensers are used in the ac system for var support,

their subtransient reactance must also be “included.

Once the required dc current and voltage magnitudes
are determined for the dc scheme, the minimum commutation reactance
must be determined. For mercury arc rectifiers, this commutation
?eactance must be sﬁfficient to 1imit the rate of change of current
af current zero to prescribed limits and also limit possible
arcback current magnitudes. For solid state thyristor converters,
the commutation reactance must be sufficient to limit dc side
fault currents. These aspects are considered in the following

sections.
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I711.1 Limiting the Current Derivative and Arcback

Figure 3.2 shows the current in one valve during
the conduction period. At the end of the conduction
period, that is, at point A, the current becomes
sero. At this point, the rate of change of current

must be within an allowable limit prescribed by the

valve designer. The limiting parameter is the commutation

reactance. The higher the commutation reactance, the lower

~di A consequence of too great a current derivative is valve

d
£

QV F

ilure due to arcback.

The rate of change of current can be calculated from

%% - f;QF.L. sin(ctu) (3.1)
where ¢

XC _commutation reactance in p.u.

aty = end of commutation

The derivation of equation (3.1) is given in Appendix
ITI.

When archack occurs, a valve which has completed
comnutation and has negative voltage on the anode conducts in

the reverse direction ( cathode to anode ). This type of fault
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Figure 3-2: Valve current showing point at which current

becomes zero at the end of the commutation period

(rectifier).




26

is prevalent in rectifiers which have negative voltage on the

anode for 2400.

Figure 3-3 shows the circuit conditions during an
arcback. Assuming valve 1 has completed commutation with valve
2 and has arced-back, it is seen that a short circuit exists on
tfansformer phases a and b . Since the voltage on rectifier
valves remains negative for 240%, short circuit currents may
attain values greater than 10 times the normal full-load current

and rectifier blocking is essential.

A large short circuit current causes a large temperature
rise in the valve and may result in permanent damage. The
limiting parameter is the transformer winding leakage reactance.
If this were originally designed for a low value, serious

consequences may result should an arcback occur.

A further effect of this short circuit current is the
resulting force on the transformer windings. The large currents
involved cause axial forces on the transformer windings and care
must be taken to ensure adequate construction and bracing.
Otherwise, the windings may shift in the tank with respect to

the core position and affect the normal operation of the unit.
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Several types of arcback may occur, depending on the number
of valves involved and how the arcback is terminated. These are:
| i) successful, where only two valves are involved.

These are the arcback valve and the valve
conducting in the forward direction ( valves 1
and 2 respectively in figure 3-3 ). The arcback
is terminated when the forward conducting valve
is blocked.

ii) partially successful, where the two forward
conducting valves are involved for one period of
conduction each, but are blocked as their currents
go to zero. |

iii) unsuccessful blocking, where the two forward

conducting valves are unable to block.

The type of arcback generally designed for is the

condition known as "partially successful®.

Figure 3-3 shows the rectifier, phase voltages and
valve currents during the arcback. At wt=ot+p, valve 1 has
commutated out. If at this time, since it now has negative
voltage on the anode with respect to the cathode, it arcs back,
a short circuit exists on transformer phases a and b . The

driving voltage is the difference between e, and ey .
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Figure 3-3: Circuit conditions, phase voltages and arcback

current for arcback involving valves 1 and 2
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When the arcback occurs, the non-conducting valves are
blocked and the bypass valve de-blocked. At wt=9bo, the
voltages across valve 6 and the bypass valve are equal and
commutation betweén the two begins. At the end of this
commutation period, valve 6 is blocked and only valves 1, 2

and 7 conduct.

The arcback current is determined by the driving
potential ( ep - ey ) and the reactances in phases a and b.

The current through valve 2 is given by

di 1
—2 - e, - e, )
dt 2L a
and after integration
-/3 Em
i 5 = cos wt + ¢
2 wlL

the constant of integration is
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V3 £
c = cos (a+p) + Id
2wl
and hence, N
' /3 E
i, = cos (at+u) -~ cos wt + 1
2 - d
2wl

Differentiating 12 with respect to wt and equating the

resulting expression to zero, indicates that the maximum value

of i2 occurs at ot = 180°. At this point, the arcback current

magnitude begins to decrease and reaches zero at wt = 360° - .

The maximum arcback current is given by the expression

V3 E
cos (a+u) + 1 + Id

i, =
2wl
2wl I
However, X_ = — dF.L. (2.9)
& EmF.L.

and, substituting, this expression yields

I
i2 - _dF.L. [cos (at+p) + 1 ] + Id
X
c
which at full load becomes

: ,
= dF.L. [1 + cos (atu) + X, }

C

—

(A

><
jo R
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Let K = [} + cos {a+u) + ch

For typical values of a, u and XC, K is of the order 1.9
However, in the calculation, the commutation reactance was

assumed equal to the arcback reactance. In actual cases the peak

20

arcback current is given more closely by

K I
= dr.L.

Tab (peak) (3.2)

Xab
where
IdFiLfated Va]ve group current if there is more
than one valve group per pole
Xab= rated reactance between the voltage source
(generation) and the valve group (per unit)
K = constant depending on the archack condition,
circuit connection and X/R ratio of the arcback

impedance and is typically equal to 1.94 for

partially successful blocking.

There are 5 cases to be considered when choosing the
correct commutation reactance to 1imit archack currents. These

can be grouped according to the type of ac system to which they
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are connected.

1. Strong AC System
i) with filters
ii) without filters
2. Weak AC System
i) with filters
i1) without filters - low reactance case

jii) without filters - high reactance case

In this context a strong ac system 1is defined17 as one

"~ where the system short circuit capacity at the point of connection
to the converter is very much larger than the converter MVA
rating. A weak ac system is defined as one where the system short
circuit capacity at the point of connection to the converter is

comparable to the converter station MVA rating.

Case 1-i) can be represented by the circuit in figure 3-4.
The arcback reactance is given by

Xap = %s ¥ ¢ (3.3)
where the per unit system reactance on the transformer base is

= T
XS = 3 V0 Iy /S

S = short circuit capacity of the system in MVA

v Id = MVAb = transformer MVA rating

wi=
o
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s . T
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B¢

Figure 3-4: Equivalent circuit of ac system with

filters ( XC = XT )

X E X
E S T T
: Gits {115 A
Figure 3-5: Equivalent circuit of ac system without

filters ( X = Xg + Xg )
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Substituting equation (3.2) into (3.3) and solving for

the commutation reactance XC yields

K I
X =____C1F.L. - XS

c
Iab
which gives the minimum commutation reactance necessary to

1imit the arcback current.

Case 1-ii) is shown in Figure 3-5. Since there are no

filters in this case, the point ET is not the source of

fundamental ac voltage. As a result, the commutation reactance

is given by

XC = XS + XT
where
. MVAb
¢ T —
S

The arcback reactance is then

X = XC = X, + X

ab S T

Case 2-i) can be represented by Figure 3-4. 1In this
case, the commutation reactance Xc’ is chosen to satisfy the
limitation on the current derivative. Since the system

reactance is quite high, the minimum arcback reactance is

. inevitably surpassed and only the archack current need be
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ca]cu]afed. The arcback reactance is given by

X = XS + X

ab c

However, because the system reactance can be quite high,
Es can be considerably higher than ET and a load flow should be
done to determine its value. Knowing the voltage behind
reactance and the arcback reactance, the arcback current can be

détermined.

Case 2-ii) is a difficult case to design for, since the
commutation reactance which is comprised of the system reactance
plus the converter transformer reactance is equal to the arcback

reactance.

The commutation reactance must be small enough that
"double commutation does not occur, yet the arcback reactance
must be large enough that the arcback current Timit is not
exceeded. This condition may be difficult to satisfy

simultaneously in an economic manner.

In the context of case 2-ii1), high reactance indicates
a reactance large enough to cause double commutation. This case
has not yet been applied to a dc transmission scheme and is very

difficult to study analytically.
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111.2 Limitina D.C. Side Fault .Current

Thyristors are more temperature sensitive than mercury
arc valves. If subjected to excessive temperatures, they will

be destroyed.

For this reason, the maximum current a thyristor may
be required to conduct under a fault condition must be known.

18, 13 have been written regarding the fault

Several papers
currents in thyristor valves. Since thyristors are destroyed if
current is conducted in the reverse direction, no phenomenon
equivalent to arcback in mercury arc valves need be considered
with respect to thyristors. However, faults on the dc side can
result in high through-valve currents. With respect to thyristor

rectifiers, the two worst fault locations are shown in Tigure

3-6.

These fault conditions are:
i) across the bridge terminals at the commencement
of commutation between two valves.

ii) across a valve which has completed commutation.

Faults beyond the smoothing reactor are much lower in

magnitude due to the large smoothing reactance.
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d
1 2 3 v
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3 ‘__j___ a)
pN /
C b 7T
4 5 6
Figure 3-6: Rectifier bridge showing location of two worst

dc faults a) across the bridge, b) across

a valve
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Figure 3-~7: Peak valve current due to a fault across
the bridge at the beginning of commutation

(rectifier)
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Figure 3-8: Peak valve current due to a fault across

a valve at the end of commutation (rectifier)
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If immediate blocking of non-conducting valves is
assumed, the fault current is a single uni-directional pulse

with a peak magnitude in the order of 10 p.u.

As is the case with arcback, the limiting parameter

is the circuit reactance.

Figures 3-7 and 3-8 show the fault current magnitude
as functions of the commutation reactance for the case where
a system of infinite short circuit capacity is supplying the
rectifier. Appendix II gives the derivation of the applicable

equations used in determining these curves.

Although the fault of case ii) results in the higher

thyristor fault current, as compared to case i), under certain

system conditions, the reverse may be true.

Case 1) involves a commutation. during the fault interval
since the fault is applied as commutation commences. As a result,
the limiting reactance is only the commutation reactance. The

system reactance is excluded if self-tuned filters are used.

Case ii) does not involve a commutation and can be

‘compared to the arcback cases discussed previously. As a result,
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the system reactance must be included in the fault current
calculation. As a result, if the system reactance is significant,
the thyristor current during this fault may be less than the

corresponding current for case i).

Hence both conditions should be studied when evaluating

the highest thyristor fault current magnitude.
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Chapter IV

EFFECT OF REACTANCE ON INVERTER OPERATION

Considering the operation of an inverter, it has been
mentioned that after completion of conduction by a valve, a
period of time during which a negative anode-cathode voltage
exists across the valve is necessary for de-ionization of the valve.
Otherwise, if the anode to cathode voltage becomes positive before
complete de-ionization occurs and grid control takes effect, the

valve will conduct.

To reduce inverter var requirement, the de-ionization
angle is normally as small as reliable inverter operation will
allow. However, under certain conditions, when a number of
inverters are operating in series and part of the commutation

reactance is common to all inverters, it may be difficult to

“maintain an adequate de-ionization angle.

This chapter examines the circuit conditions which may
cause this difficulty, the effect on the operation of the
inverters and discusses a number of methods of eliminating this

condition.

Figure 4-1 shows the three phase voltages existing on the

ac side of an inverter and the voltage across valve 6. As can be
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<«~R~>

Figure 4-1: Phase voltages and VO1tage across valve 6

for an inverter.
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seen, the period of time corresponding to negative voltage
corresponds to the de-ionization period. Also, in the case
shown, u + y = 60° = 8 where 60° is the angle between successive
commutations. For larger commutation angles, the period

y = 60° - u will be decreased and may reach a point where
adequate de-ionization time is unavai]éb]e. This condition
exists for large values of direct current or for a large

commutation reactance.

To provide for both the minimum de-ionization time and
the possibility of a large commutation overlap angle, the
advance angle of firing (B) can be increased. This leads to
‘larger reactive power consumption and higher voltage stresses on
the valves. For this reason, the inverter should be designed
such that the commutation overlap angle does not increase beyond

the practical range of approximately 20° - 30°.

Consider the operation of two 6-pulse inverters
operating in series on the dc side and in parallel on the ac
side as a 12-pulse group. In certain applications where
filtering of the harmonics is not required, the commutating
reactance for each group is made up of the corresponding converter
transformer reactance and the system reactance. In such a case,

the system reactance is common to both groups. As a result, a

. commutation occurring in one valve group affects the operation

of the second valve group.
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Figure 4-2: Single phase equivalent circuit showing the

common system reactance
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Figure 4-2 shows a single phase circuit which illustrates
this, where Es, E1 and E2 are measured with respect to a common

reference.

Should E1 change due to a commutation within bridge 1,

the current I1 will change by some amount AI.

Initially,

dIS dI
E, = E_ - L — - L —_
1 7s  7s gy T gt
and
dIS dI
E, = E_ - L —= - L _—
2 > S 4t T dt
where
I1 + 12 = IS and inductances LS and LT correspond to the
reactances XS and XT
After the change in I1 has occurred, the equations
become . ‘
dIS d(I1 + AT)
E,= Ec =L, — - L
11 S S dt T dt

where IS is now

I, + Al + 1

1 2
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and
dI dl
2
£ = F - L —S _ L <
21 S s gt T dt
d(I, + AI + I,) dI
- 1 2
= Eg - kg ol v
dt dt
Now, the change in E2 due to a change in E1 is
given by
L d(Al)
Eo1 ~ o - S 4R
_ d{al) _ d(al)
Eqp - By Ly —d¢ Lo gt
L
- S
Ls * LT

From this it can be seen that the mutual interaction effect
can be negated by making LS equal to zero. That is, to remove the

mutual effect of the system inductance.

Figure 4-3 shows the voltage across a typical valve in

a 12-pulse group where mutual commutation reactance is a factor.

The dents a and b are due to commutations in the second
valve group. Of particular importance is the dent a. From
figure 4-3, the total angle between the end of one commutation
and the end of the next successive commutation is 30°. If the

commutation overlap angle is greater than that shown in the



Figure 4-3: Voltage across a typical valve in a 12-pulse group

with common reactance.

48




49

diagram { u > 30° - Y, ), the de-fonization period would be
decreased and the effects would be the same as those described
earlier in this chapter. As mentioned, a practical value of
pois 20°-30%. This would require the de-ionization angle to be
approximate]y 10° which is considerably less than the practical

value of 18°.

For this reason, it is necessary to eliminate the

mutual effects described.

V.1 Methods of Compensation ' N

In HVDC transmission schemes for which self-tuned
harmonic filters are required, the ac system reactance does not
take part in the commutation process. The filters which
éffective1y short circuit the high frequency current components
to earth, prevent their entering into the ac network and result
in an essentially sinusoidal voltage on their terminals. For
this reason the commutation reactance is only the reactance between
the filters and the individual valve groups of which no portion
is common to both groups. Hence, the use of self-tuned filters

eliminates the mutual interaction completely.

A second method which may be used when filters are not

required is shown in Figure 4-4. 1In this case, which has been
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Figure 4-4: Compensation of common reactance by use of

centre-tapped reactors.
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Figure 4-5: Single phase equivalent of centre-tapped

reactor compensation scheme.
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described in the literature 10, 11

, a centre-tapped reactor is
p}aced in each phase between the ac system and each valve group

as shown.

The required reactance of these reactors can be
détermined in the following manner. Figure 4-5 shows a single

phase equivalent of the scheme.

In this scheme, an increase in current I1 due to a
commutation in group 1, increases the voltage drop across the
ac system reactance resulting in a change .in EZ' To compensate,
such that group 2 is unaffected by this occurrence, the mutual
coupling between the two halves of the centre-tapped reactor

must be such that the increase in I, results in a corresponding

1
voltage rise across the half of the reactor Xp associated with

group 2.

Therefore, writing the equations

By = Eg = XTI - XpIp + XuI, - X I
B2 = B o Xolg - MRl # Xyly - Xl

results 1in




M 1~

To eliminate the effect of 12 on E1 and I1 on

stz T Ayl
and
s L

This condition is satisfied for XS = XM

The commutation reactance for each valve group is
XS + XR + XT . To minimize XR and still satisfy the relationship
XS = XM a reactor with a coupling coefficient of approximately
1.0 is required. As a result each half of the reactor is equal

to X hence XR = X

s’ s’

The resulting commutation reactance becomes XT + ZXS
Which is higher than the original Xs + XT‘ However, the
transformer can be designed for a lower leakage reactance. The
éffect of the compensating reactor is to make each valve group

appear to be supplied by a separate ac system.
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The total reactance of the centre-tapper reactor can
be found from consideration of Figure 4-6. Assuming a supply
_between terminals 1 and 2, the following loop equation can
be written

E12 = XTI + XRI + XRI +XMI + XTI

Combining terms

Epp = [2X + 20Xy +X)]

The voltage drop due to the centre-tapped reactor is
2(XR +XM)I which results in an equivalent reactance of

2(X, *X

r TXy) = 4Xp = 4X

R s’
Since"the system reactance (Xs) tends to vary
depending on the ac system configuration, XR should be chosen
to correspond to the largest value of Xs' When XR is greater
than XS, overcompensation occurs and the dents caused by
| commutation in an adjacent valve group become negative. No serious

difficulty arises from this condition.

The preceding discussion applies to both mercury arc
and thyristor valves. With thyristors, however, the required
minimum de-jonization angle is slightly less than that for
mercury arc, and, as a result, compensation may not be required

in some cases where it would be if mercury arc valves were used.
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Figure 4-6: Circuit considered to evaluate total reactance

of the centre-tapped reactors.
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Chapter V

HARMONICS

The non-linear operation of conversion devices results
in the generation of higher order harmonics of the fundamental
frequency. These harmonics are found {n the ac current
supplying the converter and in the direct voltage generated by

the converter.

This chapter examines the effect of commutation reactance
on the harmonics generated by an HVDC converter. The effect on
current and voltage harmonic magnitude is pointed out, as well
as ‘the influence on the generation of characteristic and

uncharacteristic current harmonics.

A simp]ifying assumption relating to harmonic studies 1in
HVDC systems is that the direct current is perfectly smooth
with no ripple ( infinite inductance on the dc side of the
cbnverter ). This assumption simplifies the mathematical
éna1ysis of current harmonics and, since in practice the dc
lTine reactors are of the order of 1 henry, the resulting error is
hot of sufficient magnitude to warrant the further complication

resulting from the consideration of ripple.
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V.1 " Characteristic Harmonics

To appreciate better the influence of reactance on
characteristic harmonics, they will be considered both with and

without reactance in the commutating circuit.

Neglecting Commutation Reactance

The assumption of no commutation reactance results in
é rectangular ac line current waveshape. The lack of inductance
between the source of sinusoidal voltage and the converter allows
for an infinite rate of rise of current through the valves when
commutation occurs from the nonconducting to the conducting

states.

Assumption of a finite firing angle only results in a
-shift of the current waveforms with respect to the commutating
voltage waveforms and does not affect the harmonic magnitude

except to alter the magnitude of the direct current.

Figures 5-1 and 5-2 show the ac Tine currents feeding
converters through Y-Y and Y-A connected converter transformers

respectively.
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Figure 5-2' Y-A transformer secondary phase current.
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1

In the literature™, it has been shown that the resulting

Fourier analysis of these waveforms gives the solutions

Ty_y= 2 gé L4 fcos wt - % cos 5 wt + % cos 7 wt
1 1
- g7 ¢os 11 wt + 13 €OS 13 wt + ...]
. _ 23 o1 | 1
Ty 4= ﬂ Id [cos wt + ¢ cos 5 wt - 7 cos 7 wt
- 1% cos 11 wt + f% cos 13 wt + ...]

The harmonics can be seen to be of the order 6kzl

‘where k is any integer.

The rms value of any harmonic component can be

-evaluated by standard procedures and is

(273 - 16

I - L )
(n)0 /7 n o d nt ~d

which for the fundamental results in

Previously it had been shown that the total rms current

evaluated for a rectangular waveform is

1L=/:§- Iy | (2.3)
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Of particular practical importance in the study of
HVDC converter generated harmonics is that the summation of
Ty.y and iy_, results in the cancellation of harmonics of order
5,7, 17, 19, ..... and the doubling of harmoni;s of order
11, 13, 23, 25, .... . In practice, this is accomplished by
paralleling Y-Y and Y-A converter transformers on the ac side.
Under this condition, the 5, 7, 17, 19, .... order harmonics
circulate between the transformers and do not enter the ac system

except under conditions of valve group unbalance.

Therefore, filters are necessary only for the harmonics
of order n = kptl where

6 for 1 bridge

=]
"

12 for 2 bridges phase displaced by 30°

]
L]

In theory, through the use of phase shifting, p can
be increased to 24 for four bridges and result in additional
harmonic cancellations but this practice is uneconomical due to

- the additional complexity of the transformers.

Finite Commutation Reactance

Consideration of finite commutation reactance results
in a different current waveform than that illustrated in figures

5-1 and 5-2. Figure 5-3 shows the voltage and current waveforms
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resulting from consideration of finite delay and commutation

angles.

The resulting current waveform can be analyzed by
‘dividing it into three parts. Taking t = o as shown in figure

5~3, these. are

A CO0S O -~ ¢c0S wt
1) T, =14 [Eos a - cos (a+u) | for o < wt <o+ yu
2) i, = 1 for o +u < wt < o+ 2L
q d H 3
r' cos o - cos‘(wt - %ﬂ) (5.1)
3) T = 14 L " CO0s o - cos (o+un)

for a + %W <wt < o + p + %ﬂ

Fourier analysis has been completed on this waveform
and results have been illustrated in the Titeraturel as plots of
harmonic current as a percentage of the fundamental versus varying

commutation angles for different angles of delay.

These curves indfcate that

i) harmonic magnitude as a percentage of the
fundamental decreases with increasing angle

ii) higher order harmonics tend to decrease more

rapidly than Tower orders. FEach reach a minimum
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Figure 5-3 Current and voltage waveforms considering finite

delay and commutation angles.
a) output dc voltage
b) phase voltages
¢) transformer secondary phase current
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21

at an angle pu = = and increase slightly thereafter.

n
ii11) for a constant angle u, changes in the magnitude

of the harmonics with changes in angle o, are
slight.
iv) as u decreases, the magnitude of the harmonics

increase and reach a maximum not exceeding

H),

n

I(n)0

A further useful relationship which has been developed
is the fundamental in terms of I and I , 1ts active and
; (1), (1)

r
reactive components, as a function of .

Assuming a sinusoidal ac voltage supplying the converter,
harmonic current components can be neglected since harmonic
voltages do not exist at the supply point. As a result the exact
ac power feeding the converter is

Pac = /3 EL I(l)a

Neglecting losses and equating the ac and dc power,

I(l) can be found in terms of the dc parameters o and p and a
a

constant

K . cos o * cos (oty)
(1), 5
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n be defi I
can be defined to relate (1)a and I(l)o

The ac side reactive power resulting from phase shift

and commutation angle can be found from the equation
il
Pr = or eq i dot
0

where e is the phase-to-phase voltage across the converter bridge

and can be written

e = /3 E, cos (vt - 7/6).
considering the point of voltage crossover ( zero commutating
voltage ) as reference. Therefore, the quadrature component of
e is

eq = V3 E, sin (vt - 7/6).

The current I, using the same reference, must be divided

into the three parts i i 1r discussed previously.

P’ 9’

suybstitution results in a new constant relating I(1>
P
and I given as
(1),

_2u + sin 20 - sin 2 (atu)

K .
(1), 4 [cos a - cos (atu)]
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The fundamental component of current is found from

K(1)

]
———
ot
e
H
P
L}
—~
ot
~—
a3}
nNo
+
—f
—
[y
—
-
1]

SR .

The use of the factors K(l) and K(l) gives the
r

a
relationship between the parameters o and p and the exact
converter power factor. The exact power factor can be evaluated
from

V3 E, I(l) cos 8 = Vd Iq

2 2

Substituting I(l) = 1(1) K(l) + K(1)
a

and solving

0 r

for cos 6 results in

cos a + cos {atu)

2
zija K1)

cos 6 =

2
r

and is readily identified as the approximate power factor modified

by the term

This term also relates I(l) and I(l) as
0
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I
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1
W Kipy &+ Kpqy 2
F, TR,
V.2 Uncharacteristic Harmonics

Up to this point, only characteristic harmonics have
been discussed; that is, harmonics of order kpxl . Factors
responsible for producing uncharacteristic harmonics are
summarized by Kgufer]e, Mey and Rogowsky5 based on references
7, 8 and others. These factors are:

i) control angle dissymmetry

i.e. firing pulses are not equally spaced
or of equal duration.

ii) assymmetrical supply system voltages

( amplitude or phase ).

iii) dissimilar commutating reactances.

When one or more of the three conditions listed above
are found to exist, harmonics of orders other than those termed
"characteristic" can occur. It can be concluded that all three

factors result in valve conduction periods which are not equal.
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Figure 5-4: Phase voltages and phase a current corresponding

to unbalanced commutation reactance.
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" With respect to this thesis, let us now consider the
case where the commutation reactance in one of the phases

supplying the rectifier is not equal to that in the other phases.

Figure 5-4 shows the supply transformer secondary,
the phase voltages and the phase a current corresponding to such

a condition where LC is greater than La or Lb.

As a result of the unbalanced phase reactances, the
overlap angles at the beginning and at the end of conduction are

not equal ( u, # ua ) for phase a or b

The resulting current waveform can be analyzed for
harmonic content in the same manner as shown previously in this
chapter. For analysis purposes, the waveform must be divided into

eight intervals.

"

i) i(wt) = Iy [} T T ﬁf} for 0 < wt < uy

for u, < wt < 120°

[l . 1-cos (wt - 600)]
d
i - cos Ho

for 1200 < wt < (120° + 1,)

ii)

=
—~
€
fud
~—
il
-
Q.

ft

i) i(wt)
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-t
<
SN
aad
——
€
d—
o
]
O

for (1200 + uy) < wt < 180°

0
v) i(ut) = -1, |L-=-c08 (wt - 180°)
1 - cos uy
for 180° < wt < (180° + “1)
Vi) Hot) = -1 for (180° + uy) < wt < 300°

vii) i(wt) = 'Id l} 1 - cos (wt - 3000%}

1 - cos o

for 300° < u; < (300° + y,)

1

]
o

viii) i(wt) for (300° + u,) < wt < 360°

From Fourier Series Theory, the harmonic components can

be,fQUnd by substituting into the following formula

[ee] .
i(wt) = a, * pX a, cos nwt + bn sin not

n

i
et

where a, = 0 since, over one period, the waveform has an average

value of zero and
2’ﬂ'

1 .
a, = {Oa(wt) cos nwt dot
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2T

_ 1 . .
bn = = J01(wt) sin not dwot

A computer program was written to calculate the a, and
bn terms and the magnitude of the resulting harmonics for varying

values of ug and oo

Figures 5-5 to 5-8 show the results as plots of the
magnitude of the harmonic current as a percentage of the

fundamental, versus Hq for varying IPY

Figures 5-5 and 5-6 show the third and ninth harmonics
which are not characteristic. As can be seen from these graphs,
their magnitude becomes zero for the condition of equal phase
reactances as shown by equal Hy and Mo For unbalances, the

harmonic magnitude increases.

As in the case with characteristic harmonics, the

harmonic magnitudes decrease for increasing harmonic number.

Figures 5-7 and 5-8 show the characteristic fifth and
seventh harmonics. The graphs indicate that the magnitudes of
these harmonics have alternate maxima and minima as My differs

from Ho - At Tocations where My = Moo the corresponding magnitudes

are the same as those given in the 1iterature1 for zero delay angle.
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Under the condition of unbalanced phase reactances,
even harmonics are not generated but odd triple harmonics are

( that is 3rd, 9th, 15th, 21st, .... ).

In the cases studied, the delay angle was assumed to be
zero ( natural commutation ). The consideration of finite delay
angles would not affect the generation of the odd triple harmonics
although the magnitudes would be altered. The increased complexity
in evaluating the Fourier components did not warrant the consideration

of finite delay.

V.3 Direct Voltage Harmonics

The output voltage of an HVDC rectifier is dependent
_on the number of phases, the delay angle, and the commutation
overlap angle. Figure 5-3 shows a typical output waveform for

.a 6 pulse converter.

To evaluate the harmonics present in the waveform,

it can be divided intc three parts

. V3 E. cos (ot + 7/6) for 0 < wt < a

]
i

e, = % [%? Em cos (wt - w/6) + V3 Em cos {(wt + ﬂ/ﬁi}
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1

PO
=

E_ cos wt ' for o < wt < (o + u)

e = Y3 E_ cos (wt - w/6) for (o + u ) < ot < 7w/3

The results of the Fourier analysis of this waveform

are found in the ]1terature1. The rms value of the nth harmonic

is

v

Viny = /%~z;%jzy ] [}n-l)z cos?( i1 ws2) + (n+1)2c052([}-{]u/2)-

2(n—1)(n+l)cos([§+{}u/2)cos(-;-1 u/25cos(2q+u):}

This expression reduces tc V(n)o = VO ——gz—— for the
ideal case of o = p = QO and where (n®-1)

n = mp
with

m = integer

p = phase number

O . .
Curves of y plotted against y for different values

. . 0
of o are available in reference 1.



77

These curves indicate:

i) unlike current harmonic magnitudes which decrease
with increasing values of o for constant u,
direct voltage harmonic magnitudes increase with
increasing o for constant u.

i) harmonic magnitudes for‘given values of o decrease
and reach a minimum at a value of

p = L increase again to a maximum at

=

n
u = %— , then decrease to a second minimum at
3

=

o= o Harmonics corresponding to small values
of a(<100) tend to increase over the practical
range of commutation overlap angle.

™

ii1) at y = -5 and L7 , the harmonic magnitudes

are equal for all values of o.

V.4 Effects of Harmonics on the System

As has been shown, current and voltage harmonics
are a byproduct of the conversion process. Current harmonics,
both characteristic and uncharacteristic, can cause difficulties
in the ac system supplying the converter as well as in the converter
itself. These harmonics, and in particular, the lower order
harmonics which are of higher magnitude can be responsible for any

of the following:




i1)

iii)

iv)

v)
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in ac machines without damper windings or with
inadequate damper windings, the presence of
harmonic currents causes additional heating in
the rotors.

in capacitors, harmonic voltages increase the
dielectric loss and increase the possibility of
dielectric breakdown.

ac systems which are not resonant at the supply
frequency may be resonant at one of the harmonic
frequencies. Overvoltages on the system due to
resonance can cause equipment failures.
harmonics causing distortion of the converter
supply voltage may shift the natural commutating
point. The result is unequal firing angles in
rectifiers and unequally timed advance angle of
firing in inverters. The result is generation of
uncharacteristic harmonics which may add to the
distortion already existing and cause further
inaccuracies in firing.

generation of lower order harmonics which fall
in the audio range may cause interference with
voice frequency communication systems if these

are in the vicinity of the ac transmission lines.
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Fortunately, these harmonics can be reduced in magnitude
in a number of ways. The use of harmonic filters to bypass the
current harmonics to ground is one of the most effective for
characteristic harmonics. Through the use of the inherent 30°
phase shift of wye-delta connected converter transformers and
harmonic filters, the effect of characteristic harmonics can be
virtually eliminated economically. Filters could also be used
for uncharacteristic harmonics; however, this is usually an
uneconomic approach. The best solution to non-characteristic
harmonic generation is proper design of the converter controls,
adequate filtering of characteristic harmonics and ensuring

equal commutation reactances in each phase.
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Chapter VI

REGULATION AND REACTIVE POWER REQUIREMENTS

The commutation reactance as seen by the converter plays
an integral part in determining equipment ratings, reactive power
requirements, voltage regulation and various other system parameters.
This-chapter examines the effect of commutation reactance in

determining system requirements.

Consider the rectifier and ac system shown in figure 6-1.
The components making up this system include .the dc rectifier, a
converter transformer which is represented as an ideal transformer
with-a turns ratio of n:1 and a constant reactance XT representing
the leakage reactance, a full set of self-tuned filters on the high
vo]tége bus and an ac system which supplies the real and reactive

power‘to the rectifier.

Since a set of self-tuned fi]ters is present, the
commutation reactance is equal to the converter transformer leakage
reactance. In the initial design of the system, an economic valve
group rating is chosen. qusequent to this, the minimum
commutation reactance, to satisfy arcback or thyristor fault
current requirements, is determined in the manner explained in

Chapter III. This sets a minimum commutation reactance limit.




Converter Rectifier

Transformer
r---—-—-= 1
ac i |
system
- L3 | ot FaN
e E xTaE
in:tl Ey i
L ES S
ac
filters

Figure 6-1: Circuit for determining converter transformer tap

range and leakage reactance.

I8



82

VI.1 Regulation

At this stage, the converter transformer tap range,
leakage reactance and MVA rating is determined. Economics will
generally determine the leakage reactance provided the minimum
reactance is exceeded. Standard reactancés are available for
transformers and higher or lower reactances generally involve

additional design and hence are more costly.

The maximum Toading requirement of the dc system then
determines the MVA rating of the transformer as well as the required
regulation. To see the basic effect of commutation reactance on
the choice of converter transformer rating and tap range, consider

the rectifier of figure 6-1 under the following conditions.

Assume that the valve group is rated for 1000 A dc at
200 KV dc with a firing angle of 10°. The filter bus is held at
-230 KV under all loading conditions ( ac system has infinite
capécity ). To determine the optimum converter transformer lTeakage
reactance, rating and tap range consider practical transformer

reactances in the range 15% to 30% on the transformer base.

The commutation overlap angle for a transformer reactance

of 15% and a rectifier loading as above can be calculated from



resulting

where the

u o= 23,4°

0.896 and
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T cos ™1 [:cos o - XC:] - o (2.10)

Substituting o = 10° and XC = XT = 0.15 p.u., the

overlap angle 1is 23.4°,

At rated load, the power factor is given by

A = cos ¢ = %F cos o + cos (ot+u) (2.7)

11 -3 ¥ (o,u)

term ( V/l - 3 V¥ (a,u) ) evaluated for o = 107,
is 0.970 . |

Substituting the above values, the power factor is

¢ = 26.4°. Since the overlap angle is included, this

calculated power factor is that seen at the primary of the

converter

transformer and includes the var 1oss in the transformer.

The average dc no load voltage from equation (2.4) is

2 Vd
VO - = 400 KV
cos o + cos (o+u) 1. 8196

= 219.8 KV

and the corresponding ac r.m.s. line-to-line commutating voltage

is

E = .._.._9. = ]62.8KV
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The required transformer rating is then

1]

MVA 1.047 V I (2.8)

T ofF.L. dF.L.

(1.047) (219.8 KV) (1000 A)

23 0. 1 MVA
where the factor 1.047 is used to allow margin for harmonics

in the ac current.

The transformer reactance, in ohms, on the valve

winding base is

wh = 4% = 17,2809
MV A

The valve winding voltage, EV, is related to the

primary bus voltage by

and since ES is held at 230 KV, the required turns ratio is

E
n = _E_g - 230 KV = 1. 413

v 162,8 Ky

This gives the required turns ratio at maximum Joad

'( rated load ).
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1f the minimum load transmitted by this dc system is
10% of maximum capability, the maximum transformer turns ratio

is determined in the following manner.

The direct current at 200 KV dc is 100 A, If it is
assumed that operation at & = 10° is preferred, the transformer

tap changer will operate to satisfy

3wLlI
d
Vd * T
V =
0 cos o
where
Vd = 200 KV
wh = 17.289
Id = 100A
o =1OO

The result is

Vo 204.8 KV

and the corresponding ac line-to-line commutating voltage is

E = — = 151.6 KV

which corresponds to a turns ratio of

n= 230Ky

151.7 KV
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The tap range, defined as maximum turns ratio required

divided by the turns ratio at maximum load minus one is

517 . . 7.36%
( +575 - 1.0) 1003 = 7-36%

These calculations were done for transformer reactances
in the range 15% to 30% and the resulting tap ranges under the
same maximum and minimum loading conditions, are shown in

figure 6-2.

The conclusion drawn from figure 6-2 is that as the
transformer reactance increases, the required tap range also

increases.

The actual choice of tap range depends on othey factors
ih éddition to the 16ad1ng. Some factors which could affect the
tap range are

i) variation in the voltage on the ac bus. In

the example, this was kept constant at 230 KV.
ii) operation for extended periods of time with a
firing angle greater than 10% results in a

larger reactive power demand.
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VI.?2 Reactive Power Requirement

Once a commutation reactance is chosen to satisfy
arcback and fault limiting requirements, the reactive power

requirement of the converter must be considered.

If an HVDC converter could be operated with no delay
angle and had no reactance in the commutating circuit, the ac

voltage and current would be in-phase. The rectifier would

appear as a unity power factor Toad to the ac system and the

only reactive power required from the ac system would be that

2X Tosses in the ac transmission.

necessary to supply the I
In practical systems, several factors influence the
reactive power consumption of a converter. With the introduction
of a delay angle, the voltage and fundamental current waveforms
are no longer in phase. A lagging power factor is introduced
and reactive power is required. Similarly, consideration of
reactance in the ac circuit introduces the concept bf commutation
overlap. A shift in phase occurs and a lagging power factor is
again introduced into the circuit. During commutation, a phase-
to-phase short circuit exists on the secondary of the converter
transformer for the duration of the commutation overlap period.

This 1is essentially a zero power factor load if circuit resistance

" is neglected and requires generator vars.
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To illustrate the converter var demand due to overlap and
delay angles and particularly to show the variation with commutation
‘reactance, the calculationsof the previous section were extended.
Cbnsider figure 6-3 which shows the variation of reactive to real
power for different values of commutation reactance for the rectifier

of figure 6-1.

For these curves, the reactive to real power ratio
increases with a slope of approximately 1:1 with the per unit
commutating reactance if a linear relationship is assumed. For
a rectifier rated 1000 MW with a firin§ angle of zero, an
increase in commutating reactance from 0.2 to 0.25 p.u. results
in a reactive power requirement increase from approximately

500 MVAR to 550 MVAR.

Since an increasing var demand in the ac system

"generally means an increase in var generating capability

( addition of synchronous condensers, capacitor banks or an
increase in generator var capability ), it is economically
appealing to keep the commutation reactance as small as possible

consistent with thyristor or mercury arc valve requirements.

The supply of extra reactive power increases the cost

of the dc scheme.
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As well, a higher var demand by the rectifier affects
the converter transformer rating and hence, the cost. Figure
6-4 shows the variation in transformer MVA rating with commutation
reactance and figure 6-5 shows the variation of the valve
winding voltage with commutation reactance. Both factors increase

as, commutation reactance increases, thereby increasing the cost.

At the receiving end, the reactive power requirement is
a function of the de-ionization angle y and inverter commutation
overlap angle. The magnitude is comparable to the rectifier

.

reactive power requirement.

The foregoing discussion indicates clearly that it is
advantageous to choose as small a transformer reactance as is
practical. The result is a more economic system based on reduced

ratings, var and regulation requirements.

S U SN ——
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Figure 6-2: Variation of the tap range as a function
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Figure 6-3: Variation of the MVAR/MW ratio as a
function of per unit commutation reactance
for two values of o (at full load).
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Figure 6-4: Variation of transformer rating as a
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Figure 6-5: Variation of the commutating voltage as
: a function of per unit commutation
reactance for two values of o.
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Chapter VII

EFFECT OF APPARATUS ON COMMUTATION REACTANCE

In HVDC schemes, the ac systems at the receiving and
sending ends effect the commutation reactance as seen by the
converters. In all cases, each or a number of the following

pieces of equipment are required:

1) converter transformers

2) anode reactors

3) synchronous condensers

4) harmonic filters

5) generators, transformers and transmission lines.

In the following sections, each of the items listed
will be discussed as to its effect on the dc system but with
particular emphasis on its contribution to the commutation

reactance.

VII.1 Converter Transformers

Converter transformers are required primarily to step
down the transmission voltage to the level required for the
efficient operation of the converter. On load tap changers with
a wide tap range are used to maintain this level for widely

varying transmission line loadings, although their response time
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is too slow ( in the order of 1 second per tap bhange ) to

benefit the system during a transient condition.

If auxilliary equipment is required, such as
synchronous condensers or harmonic filters, it may be most
economic to include a low voltage tertiary winding in the
transformer. A synchronous condenser or filter on the tertiary

does not require insulation rated for the high primary voltage.

There are three basic converter transformer winding

configurations applicable to HVDC schemes. These are

a) two winding
b) two winding with a low voltage tertiary
c) primary winding with two valve windings.

In each case, the leakage reactances are applicable
in the calculation of the commutation reactance. These circuits
are shown in figure 7-1. For scheme c), since there is a common
primary winding for two valve windings, there may be an interaction
between valve groups during commutation. For this reason,

compensation may be required.

The reactances contributing to the commutation

reactance in each of the three cases are:
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a) b)
| Xp Xv ' Xp Xv
it 214 (11N i a— ]
p v p v
Xy
T
le
X TE
! P < v
c) 1
p e—y .
: X
Vo V2
: Figure 7-1: Basic converter transformer equivalent circuits:

a) two winding
b) two winding with low voltage tertiary
c) primary winding with two valve windings.
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a) Xc = Xp + XV + system reactance

b) XC = XV + (Xp + system reactance) in parallel

with (XT + tertiary to ground reactance) )

c) X =X + (X

c v, b + system reactance)

The practical values of the winding reactances listed

above can be varied by the designer depending on the system
requirements. In practical applications where a tertiary
winding is required, it is located between the primary and valve

windings to insure a small tertiary reactance magnitude.

VII.? Anode Reactors

As the delay angle of the converter valves is increased,
the anode-cathode voltage prior to conduction increases. Various
"stray capacitances between the anode and cathode discharge
when conduction occurs resulting in a high frequency transient
which affects the current through the valve. "Ringing" occurs
as the current builds up from zero to Id' Several difficulties can
result from this transient, the most important of which are radio

frequency interference and arc-quenching of the valve.

The frequency of the oscillations is often in the

radio frequency range and if not suppressed can affect programming




reception in the vicinity of the converter station. The second
difficulty results from the amplitude of the oscillations. The
amplitude may be large enough to cause the valve current to pass
through a zero. The result is arc-quenching and corresponding

high overvoltage.

A high frequency choke in series with the anode can
alter the frequency and amplitude of the oscillations, such that

these difficulties can be controlled.

The anode reactor adds in series to the valve winding
reactance of the converter transformer. To decrease the
combined reactance, the transformer reactance can be designed for
a lower value and the overall effect on the commutation reactance

will be unchanged.

VIii.3 Synchronous Condensers

HVDC converters require a large amount of reactive power
dﬁe to the phase-to-phase short circuit which occurs during
commutation and which essentially is a zero power factor load on
the system for the overlap period and also due to the commutation
delay angle which causes a phase displacement between the ac

voltage and current.
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For typical systems, the reactive requirement may

amount to 60% - 70% of the real power transfer corresponding

to a converter power factor of 82% - 86%.

The ac systems at each end of the dc transmission
system may not have adequate capacity to supply the var
requirement. Several alternative sources are readily available.
Synchronous condensers, filters or capacitor banks can be used
for this purpose. Synchronous condensers operated in the.

overexcited state can supply vars to the system.

Due to the advanced controls available, synchronous
condensers have the added advantage of giving excellent transient
support to aid system stability. Their presence also increases
the system short circuit capacity which increaseé the

effectiveness of the converter controls.

Synchronous condensers are normally located on the
tertiary bus of the converter transformer. Several advantages
are gained from this location, primarily, a decrease in converter

transformer MVA rating and a lowering of the insulation requirements.

In the determination of commutation reactance, the

subtransient reactance of the synchronous condenser is used.



98

Such is the case since commutation is essentially a phase-to-

phase short circuit of the transformer secondary.

VIIi.4 Harmonic Filters

The presence of harmonics in the ac system is not
compatible with good system operation. At the present time,
the most successful method of eliminating harmonics is through

the use of harmonic filters.

These filters are generally tuned R, L, C series
¢ircuits in which a separate arm is provided for each harmonic
current expected in the system. The presence of harmonic currents
can be found analytically through the methods described in
chapter V and during operation of the dc scheme, these results can

be checked by actual system measurements.

The majority of schemes incorporate filters for the
Sth, 7th, 11th and 13th harmonics as well as a high pass filter
for higher harmonics. Each arm is tuned to appear as a low
resistance path compared to the ac system for the respective

harmonic current.

Theoretically there are three possible locations for
the filters. These are:

a) on the system side (primary) of the converter
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transformer,

b) on the tertiary of the converter transformer,
and
c) on the valve side of the converter transformer.

fffﬁfﬁf In actual practice, c¢) is unacceptable in that it

results in a very low commutation reactance by excluding the
converter transformer reactance from participating in the
commutation process. As a result, currents due to arcback are
dangerously high and the time derivative of the current at

Id =0 is higher than the valves can withstand.

Location b) results in a saving in the filter costs
due to the lower insulation. Ideally the tertiary winding
reactance should be zero, to ensure that no characteristic
3ff;;lf harmonics enter the ac system. This is not practically possible.
‘‘‘‘‘‘‘ The most favoured location is at the primary bus where
guarantees of harmonic voltage can be made. However, in the
case where synchronous condensers are not used to supply reactive
power, these vars are supplied by the system and the filters and

result in a larger converter transformer MVA rating.

A further consideration is the use of self-tuned filters.

As the filter goes off-tune due to a frequency variation in the
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system or a parameter change due to a change in temperature,
either the inductor or capacitor in the filter arm is varied
to bring the filter back in tune. The best method for self-

tuning is the use of a control system which monitors VI sin ¢

where
V = harmonic voltage across the filter
I = harmonic current through the filter
¢ = angle between V and I.

Under tuned conditions, V and I are in phase and the
impedance of the filter is the arm resistance R. Under this
condition, the quantity VI sin ¢ is zero and no change 1is
reduired in the tuning. When VI sin ¢ is not zero, the simplest

tuning arrangement is to change the arm inductance.

Se1f—tuning filters are particularly advantageous
where the possibility of de-tuning is great. For large, stiff
systems where frequency variations are very small, the advantages

of self-tuning are lost.

When connected in parallel with the ac system, these
filters provide a low impedance path to ground for the harmonics.
As a result, the harmonic voltage at the primary bus is small due

to the small In Z_ drop across the filter. For this reason, the

n
filter bus is assumed to be the source of fundamental frequency

voltage and reactances on the ac system side do not take part in
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commutation.

VII.5 Generators, Tranformers, and Transmission Lines

In HVDC systems where self-tuned filters are used,
ac transmission reactance has no effect on the commutation

reactance.

Sending end systems, however, can be designed with no
filtering. This is possible where the rectifier is in an
isolated location and electrically near the generation. In such
a case, the generators are designed with sufficient capability

to absorb the harmonic currents generated by the converter.

Under this condition, the transmission line impedance,
generator transformer impedance and subtransient reactance of .
the generators must be included in the calculation of the
commutation reactance. To cover the entire range of possible
commutation reactances, care must be taken to consider.cases with
different line and generator outages. Also, if several
generating stations are combined to supply an HVDC rectifier
station, the sharing of harmonics among the different generators

must be known.
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Chapter VIII

CONCLUSTIONS.

The aim of this thesis was to show the importance of
commutation reactance on the design and operation of an HVDC
system. Since commutation reactance affects many aspects of
tHe overall scheme, it was necessary to consider it with respect
to the converters as well as the ac sending and receiving end

systems.

It was shown that reactance-in the commutating circuit is

_necessary to limit transient current through the thyristor or

mercury arc valves. Based on this requirement, for a particular
type and rating of valve, there is a minimum commutation

réactance which must be sufficient to prevent the possibility of a
mﬁjbr valve failure. Decreasing this limit, decreasesthe cost of

the scheme, at the expense of reliability.

As well, economic &onsiderations limit increasing the
commutation reactance beyond that necessary to meet the valve
requirements. Any increase in commutation reactance increases
the steady-state reactive power requirement of the converter, the
converter transformer rating and the tap range as well as
increasing the voltage stresses on the valve. A1l of these

factors result in higher equipment costs.
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Consequently, reliability and economics must be
considered simultaneously in deciding on the final value of

.commutation reactance.

With respect to the operation of several phase

displaced inverters in series, it was shown that any reactance

common to the commutating circuits of several inverters causes
reduction of the de-ionization period available to the valves.
When the de-ionization period is reduced beyond that necessary
for successful valve de-ionization, it is necessary to eliminate
the common reactance. Filters on the primary of the converter
transformers exclude the common system reactance by establishing
the commutating voltage at this location. Alternatively,
compensating reactors are used which compensate the voltage

drop across the common reactance seen by a valve group when a
valve in an adjacent bridge begins to conduct. This is an

-important consideration which must also be considered.

It was also shown how commutation reactance alters

-3

the converter transformer phase current waveshape resulting in

e I
- ®
-

a change in the harmonic content. ~This onty.influences the

magnitudes of characteristic harmonics::
0f particular significance was-the - generation of odd
triple harmonic uncharacteristic current harmonics due to

unbalanced phase reactances. These harmonics are not filtered
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and hence enter the ac system.

A summary of equipment necessary for a dc transmission
scheme with particular emphasisonits effect on commutation
reactance was also included. Anyone involved in a dc scheme must
be aware of the functions each serves and how they influence the
reactance in the commutating circuit. As well, two methods are
given for the measurement of the commutation reactance of an
existing system.

In conclusion, it is hoped that this thesis provides
an insight into the importance of understanding the role which
commutation reactance plays in a dc scheme. Its effects on
various aspects of the system, both technical and economic,

cannot be taken lightly.
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Appendix Al

" MEASUREMENT AND CALCULATION OF COMMUTATION REACTANCE

In practical HVDC converter systems, it may be
desirable to measure the commutation reactance as seen by the

converter.

To simplify this measurement, it should be possible
to make it accurately by obtaining the necessary dc parameters
from an oscillogram and sdbstituting into a mathematical
expression. ' .

12 which allow

Two methods described in the literature
this to be done are:
i) commutation overlap method

ii) overlap-area loss method.

To mathematically express the commutation reactance
in terms of the dc parameters, the following assumptions aré
made:

i) the phases have equal commutation reactance
and the resistance is negligible as compared
to the reactance.

i) the ac supply is balanced and sinusoidal.

iii) external capacitances and the effect of

capacitances on commutation are negligible.
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Al.1 Commutation Overlap Method

Derivation of the mathematical expression is based
on the period during which commutation occurs. If dauring this
period, the commutation veoltage between two phases is
V3 Em sin wt, then integration and solution for i in the Toop
equation yields

V3 E

i = m cos wt +°C
2wl

Applying the boundary conditions that at t = % s
. . (o + ) . .
i = o0, and at t s 10F Id yields
V3 Em
I4 = [:cos o - cos (o + u);]
2wl
Solving for whL yields
V3 Em
wb = cos o - cos (o + u) (A1.1)
2 Iy

The parameters Em, Id’ o and u can be measured from an
oscillogram and substituted in (Al1.1). The resulting value for
- wL is that reactance as seen by the commutating valves and can be

compared to the theoretical value calculated from design parameters.
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Figure Al-1:Parameters required to calculate wlL by the

Overlap-Area Loss Method.
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Al1.2 Overlap-Area Loss Method

During the commutation of two valves, there is a

drop in the dc output voltage.

Figure Al-1 shows the voltage during commutation.
During this period
CLu Iy

€. dwt = 2wl dic

where

commutation voltage

()
i

commutation current

-—te
il

oty

e dwot = 2wl Id

o

which also equals two times the overlap-area loss. That is

2wk Id = 2A1

If the area A1 in figure Al-1 is considered to be

a trapezoid with parallel sides v._. and v._ where

Js Jje

Vig T voltage Jjump across the valves at wt = o, and
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v = voltage jump across the valves at wt = o + u

je

and a width u equal to the overlap angle, then

_ 1
Ay =5 (v. o+ Vielu

Js

wl Id

L
Therefore, measurement of Vjs’ Vje’ and Id

yields wlL, the commutation reactance.
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Appendix II

CALCULATION OF THYRISTOR
CURRENTS DUE TO D.C. SIDE FAULTS

The two dc side fault conditions resulting in the
highest thyristor currents, as stated in Chapter II, are
1) fault across the bridge terminals at the
commencement of commutation between two
valves.
2) fault across a valve which has completed

commutation.

The equations for the thyristor current in terms of
the commutating reactance will be determined for these two
conditions under the foﬁ]owing assumptions:

a) ac system has infinite capacity and therefore

- system reactance has no effect.

b) no change in I, is assumed to take place in

the interval considered. |

c) all phase 1ﬁductances are equal.

d) at the time of fault application, all non-

conducting valves are blocked.



Figure A2-1:

a) Circuit condition, b) phase voltages,
and c¢) thyristor currents for a fault
across the valve bridge terminals.
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Fault Across the Bridge Terminals

Consider figure A2-1 which shows the circuit

arrangement, ac voltages and thyristor currents.

The three ac phase voltages are defined as

- 0
e, = E, cos ( ot + 60° )
- 0
ey = Em cos ( wt - 60~ )
_ 0
e, = Em cos ( wt - 180" )

The worst condition will be considered, that is, a

fault applied at wt = 0 when valves 1 and 2 begin to commutate.

intervals

written:

The analysis is best approached by considering two

i) 0 < wt <y

ii) wt > p

Interval i) 0 < wt < y

During this interval, the following equation can be

dil diz d16 ( )
e ~L, —== e - L, —= = e + L -~ A2.1
a ‘a dt b b dt C C dt




where 16 = if + Id
and 11 + 12 = if + Id
From equation(A2.1),
dil di
e, - e =L, -~ - L, — R
a b a 4t b dt
however,
11 = 16,— 12
di di
e, - ey = L 6 2 ~2
dt dt
and rearranging,
d16 . diz : e -y i /3 Em sin wt
t dt L L

Integration yields

V3 Em cos wt
- 2i, = + C

2
wl

ig

and substituting the boundary condition that at wt

and i6 = Id yields

116

(A2.2)

=09 ‘i2=0

e s e TS
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Rearranging equation (A2.2) and substituting for the

constant of integration C yields

. . /3 Em
Tg - 212 = cos wt - 1 + Id

wl

At the end of this interval, that is, at wt = u,

16 = 12 since commutation has been completed.

/§Em
iz = 1 - cos u - Id (A2.3)
wh

However, to find the value of the overlap angle p, an

equation for 16 is required. From equation (A2.1),
dil diG
a & 4t c Cc dt

and after rearranging and integrating

/3 En
i+ i = [:/? sin wt + cos wt:} + C (A2.4)
- 2wl
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and equation (A2.4) becomes

3 E,

i+ 9, = Y3 sin wt + cos wt - 1|+ 2 I
1 6 d
‘ 2wl

At the end of commutation, 11 = 0 and therefore

V3 E
i, = VY3 sin u + cos pu - 1 + 21 (A2.5)
6 A d

To determine the overlap angle u, since at wt = u,

RPN 16’ equate equations (A2.3) and (A2.5) which yield

3wk I
- % cos y - %g- sin py = _% y—d (A2.6)
/3 E
m
However,
2wl T
X, = ______gF.L. : (2.9)
Y3 Enr.L.
and at full load, equation (A2.6) becomes
- 3 cos u - /3 sinu= -3+ 3X : (A2.7)

Equation (A2.7) can then be solved for y by successive substitutions.
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Interval ii) wt >

Valves 2 and 6 are conducting and the following

equation can be written

di di
2 6
e - L. —& = e + L —>
b b4t ¢ © 4t
di
2
e, - e = 2L —
b ¢ dt

Rearranging and integrating yields

V3 E
= /3 sin wt - cos ot + C (A2.8)
dwl

iy

and since, at wt = u

V3 E
i, = 1 - cos -1y ) (A2.3)

/3E 3
io = m {:KE sinwt - coswt +1 - 13%53 - %g sinui} -1y

wlL 4 4
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The maximum value of 12 can be found by differentiating

equation (A2.9) with respect to t and setting it to zero. This

- yields
di /3 E g
—2 - 0 = m %? coswt + 51%93 (A2.10)
dt L
and 0 = /3 coswt + sinwt

for which the so]ﬁtion is wt = 120°. This corresponds to the

point where the ac driving voltage, ey - €. is zero.

2wl 1
Substituting wt = 120°, Xe = _~ "dF.L. and
3 Epp L.

rearranging equation (A2.9) yields the maximum value of

1.2 corresponding to a full load condition.

ig _ Y3 {:/§ ( 1-805 1y _ sig u:} 1

}

where p is as found from equation (A2.7).

The point where 12 becomes zero is found by setting

i,=0 1n equation (A2.9) and solving for wt, which yields

Y3 sin wt - cos wt = 2X, - 4 + 3 cos u+ Y3 sin u

This equation can be solved for wt by successive

substitution.
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Figure A2-2: a) Circuit condition, b) phase voltages,
and c¢) thyristor currents for a fault
across a valve.
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AIf.Z Fault Across a Valve

Consider figure A2-2 which shows the circuit
arrangement, ac voltages and thyristor currents. The phase

voltages are as defined previously.

The worst condition arises for a fault across
valve 1 at wt = pu, that is, when valve 1 has completed

commutation.

When the fault is applied, the following equétion

can be written

e + L. —& = - L, —= (A2.11)

It should be noted that phase a current is no longer

equal to valve 1 current.

Rearranging equation (A2.11) and substituting 1a =

12 - Id results 1in

- e /3 Em sin wt

dt 2L 2L

B o Tr———
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and integration yields

-/3 E
= ——  cos wt + C (A2.12)

i
2 2wl

At wt = u, 12 = Id’ therefore the constant of

integration is

V3 E

_ m
C = cos u + Id

2wl

Substituting this into equation (A2.12) and rearranging

yields
V3 E .
i, = COoS U - cos wt + Id (A2.13)
2wl
diz
Differentiating equation (A2.13), setting — = 0,
dt

and solving for wt yields wt = 180°.

That is, the maximum value of 12 occurs at wt = 180°
which corresponds to the ac driving voltage (eb-ea)‘being equal

to zero.

Substituting wt = 180° into equation (A2.13) yields

the maximum value of iz

IdF.L. XC
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APPENDIX TITII

CURRENT DERIVATIVE AT CURRENT ZERO

Referring to figure 5-3 which shows a typical
transformer phase current waveform, the current derivative at
the end of commutation can be evaluated from the portion of the
cdrrent waveform referred to as ir‘ From the text, the equation
describing ir is

cos o - cos (wt - %; )

i = I 1 - - : (5-1)
cos o - cos (a+u)

Y

¢ s il
and i. becomes zero at ot o+t u f %%

r

Differentiation with respect to time yields

. I

d d

Tro , [- w sin (wt-_%lzl (A3.1)
)

dt cos a - cos (ot+u

Substituting equation (2 19) and evaluating (A3.1) at

wt = o + p + %% , yields the magnitude of the current derivative

at current zero. The result is

iy, w Lge o,
at

sin (o+u) (A3.2)



