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ABSTRACT

This thesjs is a prelude to the development of a knowledge based
system (KBS) for control I ing a hvdc system feeding into a weak ac
system. Knowìedge is generated by eva'l uatìng vanious control schemes
and control ler configurations, The evaluation of various control
schemes and controller configurations is carried out by investigating
the system stabììity and the system recovery from various faults.

The steady-state stabilìty is determined at the inverter feeding to
the weak ac system by using the root locus technique for various control
schemes, It is observed that system stabiì Íty may be improved by
reducing controller gain, by reducing the sending ac system short
cjrcuit ratio, or by increasing the receivìng ac system short circuit
ratio. It is also observed that ali control schemes may have the same
stability margin and settling time provided an appropriate controller
gain is used. Similar results are obtained for the detailed hvdc
sys tem.

The system recovery from various faults is investigated by evalu-
ating indìvìdual control schemes at the inverter terminal, This study
is performed on a real time, physical model sjmulator. The digital
simulation is carried out using the EMTDC package for a detailed hvdc
system feeding to the ac system with a 1,5 short circuit ratio. The
transient performance of each control mode is examined by substituting
the varjous control modes for a few cycìes just after the fault and
thereafter reverting the system operation to the extinction angle
control to have minimum reactive power requirements during steady-state,
It is found, through digital simulation, that the dc power recovery time
for all control schemes may be the same with proper optimization of
controller parameters. Further, it js determined that switching among
the control schemes does not lead to instabil ity, However, the dynamic
overvoltage profiìe can be improved by using the dc or ac voltage
control during trans i ents.

Investigations show that the I-P controller has little value for
hvdc systems because of the limitation on the choice of gain. Further,
the modified I-P control is suggested to repìace the P-I controller.
The modified I-P controller ìmproves the system stabìì ity but it worsens
the system necovery from various faults ìn comparison to the P-I
con tro I I er.

Netv state identification techniques are proposed to discrjminate
and identify various faults. It is shown that the right decision for
identifying various faults may al low room for the KBS to change
control ler parameters, control schemes and controller configurations.

In addition, a technique is suggested to ljnearjze non-linear
equations involved in hvdc control systems over a wide range of system
operation with t5% error, The linearized expressìons are used to
investigate the system stabiì ity, It is observed that the system js'less stable than what is predicted by smalì sìgnal analysis.
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CHAPTER I

I NÏRc)DUCTI ON

it is vrell known that hvdc schemes have distinct advantages over

hvac schemes. 0ne of the major advantages of the hvdc scheme is its
fast controllabÍlity. The major part of this thesjs is devoted to the

evaluation of the performance of varjous control modes at the inverter

terminal for a hvdc system feedìng to an ac system having reìatively

h igh impedance.

The evaluation of various control modes is carried out for

determining their effectÍveness in terms of dc power recovery time,

duration and magnitude of overvoltages. As r^rel l, the influence of the

sending and the receiving ac system irnpedance on the system stability is
studied. This is done in order to determine the effectiveness of

varjous control rnodes for different operating conditions.

i.1 BRIEF REVITI4 OF HVDC TRANSMISSION CONTROL SCHEMES.

Normally, in hvdc schemes, the complete control system is real ized

at three levels, i.e., master control , pole control , valve control. The

details of each level of control are described in references [1-7].

The typicaì arrangement of these three levels of control is shown in

Figure 1,1 [6]. The master controller generates the current order for

the pole control system. It ajso provides the interface between the ac

and dc system control s. The pole control system provides current

margin, current 'l imits, tap changer control and signaìs needed
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tofor the valve control .

obtai n the desired level

vajve control generates the firing angle

vol tage and current in the system.

Recti fi er Pole Control

The pole controller at the rectifier has two control modes, i.e.,
mjnimum firìng angle control and constant current control (Figure 1.2).

llinimum Fìring Angle Control: The minimum firing angle, o, ìs

selected on the basis of minimum reactive power demand and sufficient

posjtive voltage across non-conducting vaìve to ensure successful

commutation. A typìcal value of omin is 5' [6], This control mode

operates for low voitage levels on the rectifier terminal.

Current Control: The rectifier general1y operates in this control

mode during steady-state operation of a hvdc system. The current is

kept constant in the dc system by rnaking appropriate changes in the

firing angle for changes in the system voltage.

Inverter Pol e Control

The inverter may operate in one of the following control modes

(rrgure l. zr.

i ) txtinction angje controi [7]

ii) Current control [7]

iij ) AC voltage control [8]

iv) Reactive current control l-9-10j

v) Power factor control 111-'1

v j ) DC voì tage control

v Í i ) Reacti ve power control

viiì) Active povJer controi

The

of



__. __
Reac t i ve Povrer Controì
ß-Control

--- Rectifier Control

- 

J nverter ContrOl

Fi gure 1.2 Steady-State Characteristics
for Di fferent Control llodes

Three Point Instabiìity Due to
the txti nctjon Angle Controì

F'i gure 1.3
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Most hvdc schemes provide extinction angle and current control at

the inventers. ln order to cope wjth the specia'ì probìenrs created by

the connectjon of hvdc links to weak ac systems, other control modes

(iii to viiì) have been proposed in the recent I iterature IB-]11,

Exti nctj on Angle Controì

There are tvro basic methods for this control to be realized, namely,

predictive control and closed loop controì [12]. The inverten normal ly

operates with the control during steady-state. The advantage of using

thjs control is essentiaj ly a mìnimum reactive power requirement and

generation of minimal harmonics. The typica'l value of the extinction

angle (v) is 18" [6]. The major demerits associated wjth this control

'i ) The extinction angle control is usual ly prone to commutation

failures. As the inverter side voltage drops, the extinctìon ang'le

is reduced to normal ize the voltage. This reduction jn the extinc-

tíon angìe may reduce its value below the minimum extinction angle

(iB"), thereby causing a commutation failure.

iÍ) This control presents the negative resistance to the dc line as

shown in Figure 1.2. The negative slope of VO-IO characteristics

becomes steeper as the ac system ìmpedance increases. Thus, it
causes voì tage/power instability [10].

iii) The extinction angle controì can lead to a three pojnt instability
as shown in Figure 1.3. Most t,rrn controllers are modified to

prevent such instabiì ity. It is accompl ished by modìfying the

slope of the ymin characteristics in the current margin regìon as

shown in Fi gure 1.4.



DC Vol tage Con

ß-Contro

Id

Fi gure 1.4 Modified Characteristics for the Inverter Contro l



Current Control

During dìsturbances such as dc line fault, startjng of the system,

and power reversaìs, the Ínverter operates on the current control. It
has been de¡¡onstrated Ii3] that this control vrorks efficjen y in

the povrer reversal mode. The probabil ity of commutation failur"e is
minimized in thjs control mode because the extinctjon angle is alvrays

greater than the mjnimum. Normaìly, the inverter Ìs provided with a

current margin of 10%-15% to aliow the curent controller to be operated

at both the rectifier and the inverter ends independently [7],

AC Vol tage Control

The fundamentaì component of the ac current at a hvdc terminal

lags the commutating voìtage, Consequently, the dc terrninals absorb

reactive power. If the host ac system has a relatively high source

impedance, it becomes increasingly difficult to maintain the required

voltage level at the ac bus. To overcome thìs problem of a load-

dependent ac voìtage fluctuation, compensating equjpment is usecl at the

ac bus. Alternatively, the jnverter terminal can be controljed jn such

a manner that it strives to keep the ac bus voltage constant 114]. It
has been suggested [8] ihai ac voltage control must operate only when

the ac voltage level exceeds a pre-set vaìue. The reason for implement-

ing the overvoltage constraint js that in an overvoltage condit.ion 1is
ìncreased, which leads to hìgher reactive power absorption (a corrective

step). If a constant ac voltage is administered durìng undervoltage,

the controller attempts to reduce l which, if jt falls beìow i,rrn, will
I ead to commutation failure.
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The ac vo ltage control offers advantages such as I ov/ I osses and

a low probability of commutation failure. llowever, it has the disadvan-

tage of higher valve stresses due to its operation at the higher

ext i ncti on angl e,

Reacti ve Current Control

The firing angle of the inverter is reguìated in a manner that the

reactive current absorbed by the inverter remains constant [9], This

control scheme has tvlo main advantages. First, there is a reduced

probabiì ity of commutation failure because the inverter operates at a

higher extinction ang1e. Second, it leads to a reduction in station

cost by decreasing the size of VAR compensating equipment. However,

this scherne operates at an extjnction angle larger than 1rrn. Hence,

there is a ìarger reactive power demand during the steady-state

operation.

Power Factor Control

To maintajn the constant power factor at the inverter term.inal, the

dc voìtage at the jnverter terminal is control led by controlling the

firing ang1e, while ac voltage variatjons are compensated by a tap

changer [11]. This control scheme operates on ô high extìnction angle

during partial load conditions. Furthermore, at full load, its
operatìng characteristics are exactly the same as the ext.inction angle

control. This control scheme has a serious drawback, that is, the time

needed to change the transformer tap during and soon after a disturbance

is 1to 2 s. This makes the control either respond slowly or to operate

as a dc voltage control , Hence, it is a pseudo-power factor control.
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A pure power factor control'l er has been developed [15] which js

descrjbed latelin the thesjs, This control does not need a tap changer

control , The power factor control offers the fo1ìowing advantages:

i ) The extinctjon angle is increased as the direct current reduces

and, hence, the probabil ity of commutation failure is reduced,

ji) As the power factor rernains constant, the real power transferred

and the reactive power consumed are direc y proportional to the

direct current. Hence, the possibility of high reactive power

consumpti on can be minimized,

DC Vol tage Controì

This control is designed by either controlling the mid-point dc

line voltage [13] or by controììing the inverter terminal dc voìtage

t161. This control has an advantage of minirnìzing the line losses (I2R)

and utilizing the insulatjon most effectively for the given power. It
is also possibìe to maintain the extinction angie close to its minÍrnum

value with the help of the tap changer. However, this control responds

sìowìy because of the slow tap changer movement which normally takes

1.00 to 2.0 s [6]. However, the dc voltage control discussed later in

the thesis does not need the tap changer control.

Reacti ve Power Con tro I

So far, the reactive power is used as a modulat.ing signaì for pole

control to produce secondary s ignal s , such as dc vol tage at the

inverter [17-18]. Thjs control apparently has an advantage over the

reactive current control because of its additionaì capabiljty to

suppress the variation in the ac bus voltage.
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Active Power Control

Thìs control shows tvro operating points in the steady-state as

shown in Figure 1.2. Hence jt causes two point instabil ity, This

control mode is not discussed any further for this reason.

1,.2 PROBLTM STATEMENT

In the foregoing section, advantages and disadvantages of each

control mode are briefly outlined. There is, however, a need to

evaluate the effectjveness of each control scheme in comparison to

others in greater detai l . In the I iterature where new control modes

have been proposed, the authors have, at most, compared their proposed

control mode with one or two other modes, There is no consistency

between the test systems used j n separate papers. It j s important,

therefore, that a systematic comparative evaluation of all control modes

be carried out, so as to deveìop a dependabìe guidel ine for the

designers and users of hvdc systems feedìng into weak ac systems. Also,

it is bel ieved that this study would produce a knowìedge base for the

future appl ication of adaptive and knowledge based control lers.

The uitimate objective of this investigation is to lead towards the

development of a knowledge based control ler which wouìd operate a dc

inverter connected to a very weak ac system in a stabìe manner. At

present, inverters operate prìncipalìy with extinction angìe and current

controllers with numerous secondary modifications,

The controller switches from one control mode to the other by using

a simple selection circuit which chooses the mjnimum of the two firing
angles produced by the two control modes. For a more sophisticated
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controller, if determjned to be advantageous, ìnìtìaììy severaì control

modes can be prograrnmed on a processor (or several processors). The

selectjon of the output from the controller can be made dependent upon

inference from several features such as system parameters and system

state (disturbance). Additional ly, the structure of each control mode

can be altered to arnive at the optimal performance for a given set of

system conditions, Finaì1y, an off line ìearning ìoop can be incor-

porated jn the control ler to make jt seìf tuning.

In an attempt to ultimateìy accompl ish this 'l arger objective, the

investigation js subdjvided into parts consistent with the requirements

fon a Ph. D, thesis.

For this thesis it was important to evaluate the effectiveness of

various modes and study their sensitìvity to system parameters. The

comparison of various controlìer configurations has also been done, As

weli, system identjf'Ícation techniques have been investigated to

djscriminate and identify system fau'lts.

In order to carry out a systematic comparative evaluatjon of various

control modes at the jnverter terminal of a hvdc systen, the foilow.ing

tasks are set forth:

(a) Evaluation of steady-state stability of various control modes,

(b) Evaluation of the influence of system parameters on the performance

of the control modes.

(c) Evaluation of the dc power recovery time, duration and magnitude of

dynamic overvoltages, when system is subjected to various faults.

(d) tvaluation of the influence of the sending end ac system impedance

on the system recovery and stabiIity.
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on(e) Evaluation of the influence of vanious control ìer confìguratìons

the system stabiì it¡, and recovery.

1.3 SCOPE OF THE THES]S

The first two tasks, (a) and (b), are achieved by carrying out a

steady-state stabi lity anaìysis usìng the root locus technique IChapter

II]. During the course of the investigation, a new approach for

handl ing the non-l inearities of the hvdc system has been developed

[Chapter III]. A stabiìity analysis is carried out using this approach.

The results are compared yrith those from a conventional small signal

anaìysis. 0bjective (c) is met by implantìng various control nodes on

the real time physica'i component simulator IChapter IV] and simulating a

hvdc system on a digitaì computer using EMTDC (Eìectro-Magnetic

Transient DC program) software package [Chapter V]. Objectives (d) and

(e) are achieved by investigating the step response of the detailed

system and the recovery of the system from some faults fChapters VI and

VII].

As a prelude to developing a knowledge based controiler (where,

depending upon the state of the system, the most appropriate control

mode can be appl ied with optimized structure), it is necessary to

develop reaì tìme, on I ine, system state jdentification techniques.

Techniques have been developed which may discriminate and ident.ify the

type of system faults at high speed [Chapter VIII].

1.4 TEST SYSTEM

To test the effectiveness of various control modes, a simple test

system is selected. It js characterized by a SCR of 4.0 at the sending
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end ând SCR of 1.5 at the receiving end of a dc system. The dc line is
represented by a distributed model . Figure 1.5 shows the test system

details.

It should be observed that the SCR at the inverter side is
purposely chosen to be 1.5, At this time, this value may be regarded to

be least acceptable because it results in a most difficult to operate

system, The low SCR of 1.5 leads to unusual voltage fluctuations on

the ac side due to load changes and system disturbances. Also, because

of the high impedance of the receiving ac system, the inverter is prone

t0 commutation fajlures. Dynamic overvoltages and slow system recovery

are other characteristics of such a system. 0n the basìs of the

aforementioned problems, the selected system turns out to be most

suitable for testing the effectiveness of conventional and newly

proposed control modes. Systems of this kind can be made acceptabìe

when furnished with dependable and effective controls.

Variations are made in the system parameters for some

investigations. These are described in detail at appropr.iate places.
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CHAPTER II

THEORETICAL INVESTIGATION OF THE STABILITY - SI4ALL DISTURBANCES

2.1 INTRODUCTION

The steady-state stabjlity of a hvdc systern is investigated to

determine the stabjlity boundaries of various .inverter control schemes.

Further, the infl uence of the systerx and control I er parameters

on the stability boundaries of various control schemes at the inverter

terminal is investigated, This study provides the information and

knowledge about the trends of sensitivity of the system stability to

control ler gains and time constants, and system parameters. This study

is also useful in determìning the control systen response in terms of

system damping and settl ing time and providing jnformation about

control ler design for various operating ranges. The control ler settings

obtained from the steady-state stabil ity analysis are normaìly used as

an initjal guess for optimizing the control ler parameters for system

recovery from various djsturbances [19-20].

A simplified modej of a hvdc system was presented to design the

current controlìer ItSi. To modify the current controlìer, the

infiuence of the lead-lag compensator was studied for the similar

simpl ifjed hvdc system model [20]. These studies were based on the

assumption that the inverter bus voltage does not change significan y.

However, this assumption js not valid if the inverter is feeding to an

ac system with relatively hìgh impedance. Hence, this assumpt,ion was
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dropped in the study reported in references l2L-241, These studies have

not included details of the compensator and integral control. Hence,

the resul ts obtained in references l2I-241 are not of very practìcaì

sìgnifìcance. Furthermore, the scope of these studies is l imìted only

to the extinction angle control on the inverter termjnal.

The techn ique presented in this chapten overcomes the above-

mentioned drawbacks. In addition, the foììowing control modes at the

inverter terminal are also ìncorporated.

(a) Extinction angle controì,

(b) Power factor control ,

(c ) DC vol tage control ,

(e) Reactive cument control, and

(f) Reactive power controì.

2.2 SYSTEM MoDEL AND EQUATIoNS

The following assumptions are made to determine the steady-state

stability boundaries. The system considered for the study js shown jn

Fì gu re 2.1.

i) The ac system of the rectifier is supplied by an infinjte source.

That is, the capacity of the system is much larger than that of the

hvdc transmission. Hence, the voltage on the sendjng end ac bus

can be considered to be constant.

j i) The receiving end ac system is represented by an equivaìent

machine. This equivalent machine js represented by a voltage

source behind the machine transjent impedance.

iìi) The time constants of the excjtation system of the receiving end

equivalent machine are assumed to be much ìarger than those of the
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Figure 2.1 Model System Used.for the Stôbiìity Anâìysis

Figure 2.2 phasor 0iagram for the Sending AC System
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dc system. Hence, the dynamics of the excitation system are

i gnored.

iv) The ac voltage js balanced and contains no harmonics. Thìs Ímplìes

that the filters absorb al'l harmonics generated by the dc system,

v) The impedance of the receiving ac system, incìudìng the machine

transient reactance, ìs represented by an equivalent series connec-

ti on of 1 umped res i stance and reactance (RSz , XSZ ) .

vi) Single capacitor (Cr) represents the capacitance of the ac system

and the compensating equipment, The reactive power of loads can be

considered as a reduction in the value of this capacitor,

vii ) The total LO and RO represent jnductance and resistance, respec-

tìvely, of the dc line and the smoothing reactors on both sides.

The system shown jn Figure 2.1 is used for investigating the

steady-state stabil ity of various control schemes at the inverter

termjnal. The phasor diagram at the rectifier end is shown in

Figure 2.2. From the phasor diagram, the following set of equations are

obta i ned.

Vf"" =(V1 *¿v1)2+(d1lr)2

= (vt *
(P1 + PL1) Rsl + (Ql + QL1) xs1)2

+ 
(Pl + PLl) xs1 - (Ql + QLl) Rs1)2

\/1

whe re

Vt- = rms value of the generating station bus voltage

(2.1)
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Vt = rms value of the rectifier bus voltage

Pt = VrI, cosó,

tPLt = Vr'/r,

Q1 = VtIt sìnôt

t9
Ql_t = - urCtVt' = - YCtVt'

It = '€f fundamental current component of the ac side current

cos01 = power factor at the rectifier terminal

RSt = equìvalent resjstance of the rectifier ac system

XSt = equivalent reactance of the rectifier ac system

Equatìon (2,i) is further simpìified to the fo'l lowing relationship by

substituting expressions of the active and reactive power.

)tvl-= rrur¿ + 2v111 (ci cos4, + D, sin4r) + zl, trz (z.z)

where

R.. ^ x^.
F, = (1 - È - xs1 yc1)z - (di Rs1 ycr)z

Zsr = /4-T1
_2

.t , lsr
ur - Á^" 1-I )l rL1

Dt = XS1 - Yr, t3f

During steady-state, the power factor js defjned as [1]

cosol = cose - 
xt' Id

lz urn, (2'3)



20

, _3'Znn-'l - _- 'd - NR ¡d e.4)1l

where

X.. = conmutating reactance at the rectifíen termjnals

f i ri ng angìe

n1 = transformation ratio (secondary to prìrnary side)

m = no. of bridges connected in serjes

Id = direct current in the dc system

,, 3 lZnn
ñ^
K?I

The linearized version of equation (2.2) is given beìow.

aVl = - fd. ÁlO - fo.ac (Z.S)

where

t. ,3
¡.-t-
'dr - \' 'cr - Fi

_, KoVrO - V.ocoscofl = FtVto * KRIdo Cicosco + DIKR ldo ----trd, -

R T, V.
f 2 = KR Z, Ido + Ci(Vdo - Rertdo) + Dl(Vds - -T:'

V,
f3 = Kn v1o Ioo sÍnco (D1 

ü 
- ci)

R = 3mX
ef ?r Cf
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Vdo = K* VrO cosao - R.. Ido

-----------:=r- ,vd, = /(KR v1o)' - våo

The subscript "0" represents the steady-state value of the variables.

Similar equations are obtained at the inverter end.

Modelling of DC Link

The fol lowing equation represents the dc l ink,

d I,
L¿ -# + Rdrd = V¿R - vdr e.6)

where

V¿R = K* V, cosc - * *..t0

V¿t = Kr v2 cose + * xcild

The incremental equation of the dc ljnk is written as below.

(Tå S + 1)Ido = Ho Àc + Hß 
^B e.7)

where

-d^ d^ L.
Ho = qú ' Hu= q=åT ' Tå = r",,-

dt = Kt fai cosBo - K* fd.cosa - (Rer + Rej)

dZ = K* (fo. cosdo + VrO sinco)

d3 = K, (foi cosBo + Vro sinoo)
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2.3 DEVILOPMENT OF BLOCK DIAGRAM AND CHARACTERISTIC EQUATION

Constant Extinction Angle (CtA) Control

In steady-state we have [1],

cosß = cosY - W't,
where,

ß

't

Y"ci
vz

nz

ignitìon angle

exti nct ion angl e

commutatjng reactance at

the inverter bus voltage

trans formati on rati on

f z f X

the inverter bus

(rms)

obtained as follols using equation (2.8),

(2.8)

(2.e)

The incremental equati on is

Âv =S^^8-S.^I-1 -'d

where

lZx - f .. r.Cl ta , 0l 00r
"1 - qolln% t' '--V2ã--

I
Sz = -h (sinßo '' 'ci "ci 'do,-------------d-.)cl---t-

t20

Using equations (2.2) ana (2.9), the block diagram of the complete

system is obtained as shown in Figure 2.3. This block diagram is used

to determine the steady-state stability of the hvdc system operatÍng

with various control schemes at the inverter terminal. The root locus

technique [19] is used to determine the stabìlìty of the system as it
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ô¡O (r!f )

Flgurr 2.3 Elock olrgrlF for Ståblìlty An¿lysls
of Và rf ous Control Schrnrs

nverter
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has been used successful ly in the past [19-20]. To detenmjne the locus

of the most sensitjve roots, the characterjstjc equation of the system

has to be determined. The characteristic equation of the system usìng

biock diagr^am (Fìgure 2.3) is obtajned in Sectjon 2.3.2.

Characteristi c Equat j on Deri vati on

The controller confjguration at the rectifier and the inverter has

been cons i dered as fol I ows.

SK-+K, 1+T,S
Gc(S) = (PS') (I-TTF) (2.10a)

The converter ìs represented by the following transfer function [13].

T(s) t='-=*--l (2.10b)r ' ¡deJ

The transfer functions of measurement blocks

K. K.- o /D^-tif ien); T -+----õ ( lnverter)(1 +TfS) 1+Tf1S,'"

From Figure (2.3) we have

[ùç-tt+n]err(s) Ho+xHu=(1 +Tås) c

K, Gc2(s)_ (x sz + cs,) pïÌþ

c sl Kl GC2(S)-w2=x
where x = output of converter block at the inverter terminal.

Simplifying equation (2.11) wjth the heìp of (Z.IZ) we get,

(2.10c)

(2.11)

(2.12)
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! _ Gc1(s) Ha (1 + Trs) {(r + rrrs¡ + K, Grr(s) s2)} (2'13)

R- 
1

+ KoGrr(S) Ho {(1+Tf1S) + K, Grr(S) 52}

Characteri sti c Equation Simpl jfication

The folìowing characteristjc eguation can be obtained from equation

(2. i3).

(1+Tås)(1+Tfs)(l+TflS) + Kl(1+TåS)(1+Trs) Gcz(s) s2 + Hus' Gr2(S)(l+Trs)

* KoGci Hd (1+Tf1S) + K, Grr(S) Ko Gcl(S) HoSl Q.r4)

The final form of the characteristic equation (C.E.) can be vlritten as

equation (2.15) by substjtuting for the converter model and controller
as follows in equation (2.14).

Gci(S) =

t¡Cz(5/ =

KIz * Kpzs

ç

1rl-r-E'

1

fr+.t-rãfl-

Klr * Kpisl
--_---|"J

ft + r.,sl
l1 + T..SlI. DI J

IF

(i+Tås) (1+Tfs) (1+Tf1s) (s) (1+Tb2s) (1+Tde2S) (s) (i+Tb1s) (1+Tde1s)

* s2 K1 (1+Tis) (1+TrS) (Kr2+Kp2s) (1+Ta2s) (s) (1+Tb1S) (1+Tde1s)

* S1 Hß K, (1+Trs) (Kr2+Kp2s) (l+Ta2s) (s) (1+Tb1s) (1+Tde1s)

* Ko Ho (1+Tf1S) (Kr1+Kp1S) (1+Ta1S) (S) (1+TorS) (1+Tde25)

* Ko K1 Hd S2 (1+TalS) (1+Ta25) (KplS+Kr1) (KP2S+KI2) (2.15)
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The characteristic equation for various controls remains the sane

as equation (2,15) but the values of S, and S, change. The derivation

to determine S, and S, for various control schemes is discussed below.

AC Vo l tage Control

The change in the ac bus voìtage at the inverter terminal can be

calcuiated in a fashion similar to that used in deriving equat.ion (2.5),

i.e.,

^YZ 
= - fdi 

^ld 
- fßj 

^ß 
(2.16)

where

ê-fs.fo
'dj- \''oj- \

f 4 = Fzvzo + ci Klldo cosßo * or*, ,oo t"#*

f- = r?z? T. +clrv.- -p T ì+n/v -Reivd201t5 = oR ,Ss rao + Cr(V¿20 - R.ildo) + Dz(vdsz - --f*-,

16 = Krveoroosinoof\þ -,¿l

, ---- .' ?vdr2= /ßruzo)'-uâ20

VaeO = KI V2 cosßo * Rei Ido

3mX
el r

R", o X"o
Fo = (1 + oot - X,. nL z sz Yrr)z + {ffi * nv v,r)2



zsz= / rn(f--Çt
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_2L;"
r. | ¿aUô - - Ácô - ñ--L r. nLz

Dz = xsz-Yczz?z

Power Factor Con tro I

The power factor at the inverter terminal is defjned as [1.'t.

The jncremental equation for the above expression of power factor is

- Ay sinv - ¡ß sinß-T (2'17)

Substituting 
^y 

from equatjon (2.9) into equatÍon (2,17), we get

0.5 lsi ^ 
Id + Sä aßr

where Si = S, sìny; Så = - (S2 sìny + 5¡¡B¡

(2. i8)

React ive Current Control

The reactive current at the inverter termjnal is defjned as l1l

IR = Kl IO sin0.'

The I inearjzed equations around the operating point of the reactive

current are obtained from the above equation as follows:

^IR 
= ald Si'+ aßSä' (2.Le)



where ST = Kl (sinq, + Id cos4j (-0.5 sìn.1/sìn4', ))

Sä = Kr Id cosO.i (0.5 (52 sìny + s¡¡6¡¡sìn6r))

Reacti ve Power Control

The reactive power at the inverter bus js defined as

Q=tRvz

The equation representing smal I changes in reactive power is obtained

from the above expression, i.e. ,

aQ = si" AI + så" 
^ß

si" = (si' vz - fdi IR)

så" = (så, vz - fai IR)

(2.20)

DC Vol tage Contro I

The dc voltage at the inverter terminal is given by the foìlowing

expression,

V¿20 = Kl V20 cosßo * R.i Id (2.21)

The incremental equation of dc voìtage given by equation (2.21) is

av¿zo = slv aro + sjv ao

tiu = (Rej - K, fo, cosoo)

tju = (K, cosoo foi * KI Vro sinßo)



2.4 RESULTS AND DISCUSSION

The j nfl uence of the system

stabi lity are discussed next, The

implanted at the jnverter terminal.

29

and control I er parameters on system

fo1ìowing control l er configuration js

ccr(s) = (Kps ] Kl) ,, -Ï#,

\¿, ¿¿ )

where

The system parameters used

the base case are reported

to

in

The Influence of Controller Gain on the System Stabilit.v

The sending ac system and the receiving ac system impedances are

fixed so that the ac systens of the receiving end and the send.ing end

have short circuit ratios of 4.0 and 1.5. The dc line time constant is

fixed to 0.167, This system data is used for the base case. The basic

reason for choosing the low short circuit ratio for the jnverter ac

system is that it causes larger voltage fluctuations and can cause

voltage and power instabiìity. Consequentìy, the controller must be

designed to achieve good performance for these operating conditions.

For digital simulation the dc line is represented with distributed
parameters. Hence, the equivalent inductance and resistance of the

¡t^S + 1r /1 + T-S\
- v \L / t d )- "c -5- T+T.S

D

K. = control l er gai n

rc = contro l ler time constant

investigate the steady-state stabi I ity for

Iable 2.i.



Table 2,1 Base Case Systern Parameters.

Sending AC System

Rst Xsi Yct tLl
SCR (Ohms) (Ohms) (mhos) (Ohms)

Recei vi ng AC System

Rsz xse Y cz rLz
sCR (0hms) (0hms) (mhos) (0hms)

4.0 0.5 5-7 0.0045 1018 1.5 7 ,8 36.57 0. OOSo 1018

Effective Inductance of DC Links = 2.5 Henry.
Effective Resistance of DC Links = 1.5 Ohms.
Line to Line Voìtage at the Inverter AC Bus = 230 kV.
Line to Line Voìtage at the Rectifier AC Bus = l3B kV.
Base Vaìue of Controller Gain = 5.0,
Base Value of Controller Time Constant = 0.08.
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distrjbuted dc line is cons idered here so as to produce the same tjme

constant.

The influence of the controì ler gain in the range 5,0 to 25.0 js

shown in Figure 2.4. The most sensitive roots of the characteristìc

equation are plotted ìn Fìgure 2.4, The following conclusions are

clrawn :

(a) As the controìler gain increases, the system becomes less stable

for various control modes.

(b) It is possible to obtain the same settling time for all control

modes but for different gains.

(c) The system damping for all ranges of gain is less than 0.707.

Hence, to achieve a system dampìng greater than 0.707, the control-

ìer gaìns need to be reduced. However, lower gain values may

produce sluggìsh response [25].

The Infl uence of Receiv
sta-tîlity

The controìler gain for all control modes js fixed to 5.0 so that a

sufficient stabj l ity margin is available to study the effect of the

receiving ac system's short cjrcuit ratio. The rece.iving end short

circuit ratio is varied from 2.00 to 1.05 to investigate its influence

on stability. The reason for seìecting these values of short circuit
ratio is to determine the stability of the system around the base case

of short circuit ratio of 1.5. The dc line time constant is fixed to
its base value of 0.167. The movement of the domjnant roots (positive
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imaginary part) is shown in Figure 2.5.

be d rawn :

33

The fol ì owì ng conclusions may

(a) As the short circuit ratìo of the receiving ac system is reduced,

the system response deteriorates and the system tends to become

unstable.

(b) The controller gaìn nust be lowered as the short cjrcuit ratjo of

the receivìng end reduces to achieve the desired response,

(c) The degree of stability varies for djfferent control modes for the

same controiler setting. However, it can be forced to be the same

by proper adjustments of gains as discussed jn the prev.ious

section.

The Influence of the Sending AC System,s Short Circuit Ratio on the

The receiving ac system impedance, dc line impedance, and

controller gain are fixed to base values (Table 2.1). The send.ing ac

system impedance is varied to obtained short circujt ratio 1.0 to 88.0.

These numbers of short circuit ratios are chosen to nepresent very weak

t0 very strong ac systems. Hence, this study will indicate the trend of

stabilìty withjn the t$/o extremes,

The movement of the dominant roots (positive imaginary) is illus-
trated in Figure 2.6, It is observed from Figure 2.6 that, as the short

circuit ratio of the sending end decreases, the system becomes more

stable, This is a surprising result. It is further investigated in

Chapter VI.



É-o
Ê
ç..o
FÊ

d

420l-
4lo I
4oo I
3eo I
3Eo I
370 !
3so I
3áo I
340 I
330 |
320 t
3rol
3oo I
2eo I

2so I
ztol
zso I
250 I
24oL

-60 -á0 -{0 -30 -20 -10 0 10 20 30 40 50 60

REAI PART OF ROOT

Fìgure 2.6 Influence of the Sending AC System Short
Circuit Ratio on the Dontinant Roots

Sendì ng End SCR

1to88

I

,-RC ,COXÍROL
r-Pt c0r¡110L

+-C^¡I^ CONtlol
0-Dc c0lrlR0L

¿-^c voll. coralRoL
a-Qn c0NlR0L.-BEÎ^ C0NtT0l

Hhere
RC: Reacti ve Current
QR: Reac t ive Power
DC: DC Vol tage
PF: Power Factor



35

.The 
Influence of DC Line Resistance on the Stabjlíty of the System

The sending end and the receiving end short circuit ratios are

fixed to base values of 4,0 and 1.5, respectiveìy. The influence of the

variation of dc iine resistance is shown in Table 2.2. The 'ìower value

of dc line resistance indirectìy indicates its ìength. It can be

observed from Table 2,2 lhat an increase in the dc line resistance

improves the system stability because the total loop gain is reduced as

the dc system time constant becomes smaller.

2.5 CONCLUSIONS

9lith regard to improvement of the steady-state stabil ity, the

foììowing conclusions ôre drawn from the study reported in this chapter.

i) High controlìer gains lead to instabiìity.
ii) Higher short circuit ratjo of the receiving ac system improves the

stabiìity.

iii) Lower short circuit ratio of the sendíng ac system improves the

stabi ì i ty.

iv) Higher dc iine resistance provides better damping.
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CHAPTER III

AN APPROACH FOR HANDLING THE NON-LINEARIT]ES

OF HVDC SYSTEMS FOR STABILITY ANALYSIS

3,1 INTRODUCTION

A hvdc system has many non-linear reìationships among the different

variables, e.g., the controller output 'c, relates to the converter

output voltage through a relationship which contains the terms 'cosa'.

Therefore, the smalI perturbation technique has been used widely 126-ZBf

for stability analysis. However, this technique takes into account onìy

smal l changes around the operating point. Hence, a controller resetting

may be needed for large changes in the operation. It has been shown

that the converter 129-311 and the extinction angle control Ii3, 20] can

be model led as a linear systen for large changes in the operating

pojnts, but the assumptions used are not reaiistic for this study. To

overcome these I imitations for the design of a control system for a hvdc

scheme, a nev/ approach is suggested to linearize the non-l inearities of

the hvdc system.

It is shown that the non-ljnearitjes introduced by the converter,

real power and reactive power equations can be I inearized over a wide

range by using the integral square error (ISE) method. This chapter

presents the modeìì ing of each component of the hvdc system by using the

ISE method for various control schemes described earlier on the inverter

terminal (Chapter II).
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A stability analysis of the reactive current control and the ac

voltage contro'l is reported in this chapter by usjng a new I inearjzed

model of a hvdc system. Power factor control rnodell ing is also dis-

cussed. A stabil Ìty anaìysis of the current controj , the dc voltage

control, and the predictive extjnction angle control has been presented

in reference [7,], but the effects of I inearized converter model and

extinction angìe equations are reported here.

The major assumptìon made for this study is that the voltage at the

rectifier ac bus is constant, This assumption corresponds to the worst

case for the stabiIity analysis because the highest short circuit ratio

of the rectifier ac system represents the least stable system (Chapter

II). By using this assumption, the system modelling for stabi i.ity

analysis is discussed in subsequent sections.

3.2 CONVERTER MODELLING

The converter jntroduces non-l inearity and delay [29] in the system

as shown in Figure 3.1. Fet^l attempts have been made for converter

rnodel ling [29-31]. The converter has been represented, so far, in the

fo'ì lowi ng three ways.

i ) Simple delay [29]

ii) Transportation ìag l30l

i i i ) Zero order hold [31,]



Deì ay

Fi gure 3. 1 Converter l4odel
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Bjarestem [29] rel ates the control I er output to the converter

output as shown in equation (3.1).

'I .ê. '

where

Vd = converter output voltage

V. = control vo ltage

To = period by which output voltage of converter pulsates

However, the influence of the firing angle is ignored in the model . The

model given by equation (3.1) has been simplified by Parrish and McVey

130] and the follo$/ing transfer function has been suggested to represent

the converter,

_<T /2
V¿ = e - 'o'- Vr;

T(s) = ;s Tol2

T(s) = 
-î

(3.1)

(3.2)

where T, = 1/1440 for a twelve puìse converter.

The above modeì has been developed on the foìlowing assumptions.

i) The bandwjdth is small in comparison to the sampling frequency.

ii) There is a limited excursion of the thyristor firing angle.

Hazell and Flower [31] derived the converter transfer functjon as

Zero Order Hold, i.e.,

1 - e-sr---5-r(s) = (3.3)
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where T = sampl ing time (T = 3,33 mjlliseconds typicaì ìy for the

s ix-puìse converter )

It is shown in reference l31l that the model gjven by equatìon (¡,¡) may

cause large errors as the value of the firing angle, 'a', increases.

The relationshìp arnong the above-mentioned models is derived by

applying Pade's approximation to equations (3,1) to (3.3),

-ST /Z 1an=__f__76;And1+ S T^r.
o

So, from the continuous system

nearly the same, but all of the

1-e-sT - T----5-- - 
1T-+-TST

(3.4)

(3.5)

modelling viewpojnt, these modeis are

models include onìy smalì changes in

fi ri ng angle.

A new converter model is presented here, which can incìude ìarge

changes in firing angle. The converter is represented as shown in

Figure 3.1. The non-linearity in the model is introduced in terms of

obtaining cosa from o. The principìe used for obta.in.ing the equivaìent

Iinearizing function from the non-l inear function is called minjmjzation

of the integraì square error (ISE). Suppose 'cosd' is to be linearjzed

in the given range, then the problem can be defined as fo'l lows:

where J

A

B

(dt
J = min l'(Ao+B-cosc) da

) dI

cost function or error function

slope of the straight l ine

constant



Errors produced by the approximate I inear relationship (equation (3.6))

are r5% as shown in Figure 3.2. The important point ind.icated by

equation (3,6) is that the converter model shows a negative sìope.

The block shown in Figure 3.1 for the converter modei shows deìay,

which is justified ín the sense that the change in the firing angle can

be observed only after T/p duration, where T is the period for
fundamental ac vol tage wave form and p ì s the pul se number of the

converter. The influence of linearizing ,cos c' term on the converter

model is shown in Figure 3.3.

3.3 LINIARIZATION OF REACTIVE AND REAL POI^'ER FUNCTIONS

Reactive power and real power for the acldclac system can be

represented as follows at the inverter terminaì l1].

The typìcaì values of c1 and c, are 15' to 60'. Then the

approximations of cosine and sjne are obtained.

cosa=1.16-0,58c

sins=0,92a-.0083

VrI, sinç-

V,I, cos O.'

l/here Vt = rms line to line ac voltage at the inverter bus

IO, , rms value of the fundamental component of
tl ne cu rren I

42

folìowing

(3.6)

(3.7)

(3.8)

(3.e)

Y

r-

tl

ói=

={6
1l

power factor at the inverter terminal
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Further, the power can be expressed as a function of the firing angle,

direct current, commutôtion reactance, and ac voltage as shown in

equa ti on (3. 10).

cosoi = cos8 - !! (3.10)
' Æll

The probìem can be stated as follows:

,r az ,ß2
I'rin J, = I I (Q - (As + Brd + c))2 dB drd (s.11)

I¿t 81

and,

,r¿z,Bz
Min J, = I I (p - (A1B + Bzrd + cr))z os aro (3.12)

I¿t 81

where

Jl, J2 = error functions

A = reacti ve power

P = real power

ß = igni tion ang le

A, Al , B, B' and C, C, = coefficients of the linearized expression

Id = di rect current

Frorn equations (3.11) and (3.12), the foì'ìowing expressions of linear-

ized P and Q are obtained for a conmutating reactance, Xa = l0Í.

A = (0.7028 Id + 0.58 Ê - 0.4225) vl (3.13)



P = (0.6135 Id - 0.5996 ß + 0.4543) V1
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(3.14)

The errors between the non-l inear and linearjzed functions for P and Q

are shovrn in Figures 3.4(a) and 3.4(b). The error caused by a ljnear

rate approximation is wjthjn t5%. These I inear relationships are used

for the design of the controller and to determjne the stabil ity

boundaries in the next section.

3.4 BASIC EQUATIONS FOR LARGE DISTURBANCE STABIL]TY STUDY

It has been assumed that the rectjfier side ac system is strong,

i.e., the varjation in the ac voltage at the rectifier bus is neglected.

It is proven by the small signal analysis of Chapter II that the system

stability improves as inpedance of the ac system of the rectjfier end

becomes hígher. This means that the design of the controller parameters

for the system provides the user the controller parameters which would

give a better response than expected.

The ac system on the inverter end is represented as shown in

Figure 3.5. The followìng relatjon is obtajned on the jnverter terninal

from Figure 3. 5.

Pr +0x
Vo= (V' + --1-,,--!¡ + 1L L 11

Px -0r 2S sr

-11 -, (3.15)

Suppose v2 - Y"/s,
L_

Vr/O, then e can be defined as

xrP - rrQ_r-
Vi+Pr2+Qx2

vl

tan 0 (3.16)
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For smalI perturbatìons, equation (3.15) can be simplifìed to the

fo1 l ovri ng reìationship.

r_ + x- tano

^\/1 
= - (-l--#--) ¡P -- '1

+ {(r, + xs tano) P +

x - r tânê(*) ¡q
"1

^v,'(x. - r. tano) QÌ-zf
\/i

3.5 BLOCK DIAGRAM FOR DIFFERTNT CONTROLS AT THE ]NVERTER TERM]NAL

The modelling for various control modes at the inverter termjnal

along with the constant current control at the rectifier terminal is

di scussed in this section.

Constant Current Control

During transients, it is possible that both the rectifier and the

inverter operate in a constant current mode 1201. Hence, it is

necessary to design a current controller at the inverter end. A block

diagram can be obtained by substituting appropriate values from

Table 3, i into the bìock diagram of Fìgure 3.6.

Exti ncti on Angle Control

This control is generally used wjth a mjnjmum y during a steady-

state condition. The converten needs a minimum reactive power and

generates the minimum magnìtude of harmonics while operating in this

control mode. The extinction angle is calculated from equation (3.18)

as

(3.17)

/2xL
cosY=cosß--urg (3.18)



Trans-
ss
ì

Flgure 3.6 Elock Diagram for Determjning Systern Stabjlity
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Table 3,1 The Expressjon of S, and S, for Vanjous Control Modes,

Type of Control St Sz

Extinction Angl e
Control

Current Control

Igni ti on Angle
Control

DC Vol tage Contro l

AC Vo1 tage Con tro I

Reactive Power
Control

Power Factor Contro l

xz

0.0

1.0

1.35 V1

(0.58 + 0.5996 Kr) V1

r_ + x_ tane
- ( " ot ) .599

^s

+lZx
c

11-

1.0

0.0

0.0

(0.702 + 0.6135 Kr) V1

r^ + x- tano(+)0.632
5

*c

Æ ut

x2

where K=r
rs + x, tan 0

xs - r;-îãiã



The non-l i near relationship

using equation (3,6 ) as

5i

of the extinction angìe can be I ìnearized by

/7xL
1.16 - 0.58'r = (x., - xo B) + ,,t o, . I z vl (3.1e)

(3. 20 )

Values of x, and x, can be assigned depending upon the range of interest

of the ignition angie and these values can be calculated by us.ing

equation (3.5). The simplified version of equation (3.i9) js obtained

as gi ven bel ow.

t = t.724 {(1.16 - xr) + xrß
Æ *.Id 

,--q- 
'

The complete block diagram for obtaining the characterist.ic equation can

be reaj ized as shown in Figure 3.7. Appropriate values of S, and S, may

be substituted from Table 3.1.

AC Vol tage Con tro l

This control has been suggested by Hammad [8] but its stabiìity
analysjs has not been performed. Hence, system modelling is camjed out

to study the effectiveness of the control.

For ac voltage control , change in voltage would be zero, Hence,

equation (3.17) reduces to the equation (3.2i) as given be1ow,

(r^ + x^ tano)
aQ = - (È- \-tane) 

aP

The ìntegration of equation (3.21) produces equation (3.22),

(3.21)



a=
(r^ + x^ tane)

55
(ç=r;-Tan6) 'nQdo (3.22)

where Q¿n = Constant of integration.

The non-l inear equation (3.22) can be I inearized by using equations

(3.i3) and (3.14). l,le get,

(o.7o2rd+ 0.588 - 0.4225)u1= r, 
lrffi]{0.6135rd- 

0.5ee6Ê +0.454}

* Qdo (3.23)

where QOo is the reactive power required to maintain 1.0 p.u. ac voltage

at the inverter bus at zero power factor, i,e., PO = 0.0. The block

diagram shown in Figure 3,6 has been obtained by substituting the value

of S, and S, from Table 3.1. The jnfluence of controller and system

parameters has been investigated jn the next section.

DC Vol tage Con t rol

Control I ing the inverter at a constant dc voltage during certain

operating range has been suggested so that the instability introduced by

the negative slope of .¡-control can be avoided [13], The non-linearity
'in the dc voltage expression js due to the 'cosB' term, Linearization

of this term has already been discussed in Section 3,2, and a complete

block diagram can be obtained by substituting the appropriate values of

S, and S, from Table 1 (Figure 3.6).



Reacti ve Current Control

This contro'l has been suggested [10] for ìmprovìng the power/

voltage stability because of the positive sìope characteristics.

Rewriting equation (3.17), we have

(r- + x^ tano) (x^ - r^ tane)avr=- l_li- an- -:-j- ao

^v"+ {(r, + x, tano) P + (xs - r, tane) Q} -7r\/i

where ¡P = 
^PL 

+ apd 
ït ^Vl 

+ apd ß.zaa)

aQ = aQa - 
^Qc 

- 
^Qd 

2 Yc aV1 Vl (3.24b)

The change in the ac voltage AVI can be further simpiified, as given

below, by using equation (e.tZ), (3.24a) and (3.24b).

aVl = - (alPo+baQ¿) (3.25)

where

a = (", * *, tano),rK,

b = (*, - r, tano)/Ks

K, = {I+? (r, + x, tano) _ (xs - r, tane)Y.} V1

RL

For constant reactive power controì, AQd = 0 and, hence, we get

^V1 
= -aÂp¿ (3.26)



54

By integrating equation (3.26) , the fol lowing expression can be

obta i ned .

Vt = aPd+Ko (3 .27 )

where Ko is the constant of integratìon, It can be seen from equation

(3.27) that the ac voltage support should be majntained in accordance

with the dc power fìow to obtain the constant react.Íve power controì.

Linearization of equation (a.ZZ) can be given' as below by using

equati on (3.14). Thus,

/r- + X_ tan0\
vr = tÈ-/ lo.osts id - 0.5996 s + 0.4543i v1 * Ko (3.28)

by usingThe block diagram for reactive power can be obtained

appropriate values of S, and S, (Figure 3.6) from Table 3.1.

Power Factor Control

The power factor at the inverter terminal is normalìy given as

c0sôi

Equation (3.29) can be I inearized

which yields,

.o.u * lto (3.2e)
Q ut

by using equations (3. O) and (3.19),

i.16 - 0.58 01 = (x, - x, B) - f+!

ôi = 1..724 I(i.16 - xr) +x, u - 'i: 
to 

t ( 3. 30)
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The block djagram for this control can be obtajned by substituting

appropriate values of S, and S, from Table 3.1.

Ign i ti on Angle Control

The output of control circuit is firìng angle (c) as shown in

Fìgure 3.6. The ignìtìon angle (e) can be calculated as

ß=n-s

The value of S, will be zero in this case,

(3.31)

3.6 RESULTS

The control ler configuration at the rectifier and the inverter are

considered similar to those given in Chapter II. The influence of the

controller gains, the receivìng ac system short circuit ratio, and l.ine

resistance on system stability is investigated. The results obtained

from the steady-state stabiìity are compared tvith results obtained from

the new techn i ques .

Influence of Controller Gain on Systen Stability

The trends of system stabiì ity are sjmilar to what has been

denonstrated by a steady-state stabiìity analysis. However, it is

observed from Figure 3.7 that the new technique indicates that the

system is Iess stable. It is justified because the controìIer

parameters obtained from the steady-state stability anaìysis are always

higher.
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Influence of the Receivjng AC System Short Circujt Ratio on SystemsTãFil-TÐ-
As the short cjrcuit ratio of the receiving ac system ìs raised,

the system becomes less stable, as shown in Figure 3.8. It.is also

observed from Figure 3.8 that the value of the short circuit ratio at

whjch the system becomes unstable ìs higher than that obtajned from the

steady-state stabi i ity analysis.

The Influence of Line Resistance on System Stabiljty

As the dc resistance of the transmissjon line increases, the system

stability ìmproves (Table 3.2). Again, the new technique indicates that

the system is less stable than what is indicated by the smaìI signal

anaìysi s (Table 3.2. )

3.7 DISCUSSION

A new technique has been suggested to I inearize the non-ì.inearities

involved in the converter equation, active and reactive power equations.

The ìinearization of these equations is val id for a wide range of

operation. The prìnciple of ìntegraì square error (iSE) has been used

to mjnimize the error between the non-ljnear equations and their corre-

sponding versjons. It has been determined that the influence of the

firing angle (15'-55') can be included jn the model of the converter by

just modifying the converter model gain to 0.58. The linearization of

the active and reactjve power expressions can be performed over a

relatively wide region of operatjon of the hvdc system by mìnìmizing the

lSE. The direct current range of 0.8 p.u. to i.5 p,u. is considered

along with 5"-35' firìng angle range to I jnearize the active and

reactive power expressions. It has been observed that the error



Table 3.2(a) Influence of Ljne Resistance on the System Stabi'l ity for
AC Vol tage Control .

DC Res i s tance
in 0hms

Dominant Root s
Sma1ì Sìgnal Analysis

Domi nant Root s
Large Signal Ana lys is

15. 0

30. 0

-26.0 ! j294.0

-29.0 t j300.0

-16.0 1j273.0

-17.0 ! i277.5

Table 3,2(b) lnfluence of Line Resistance on the System Stabiìity for
React i ve Power Control .

DC Res i stance
i n 0hms

Dominant Roots
Sma lI Si gnaì Analysis

Dominant Roots
Large Signaì Analysis

15. 0

30.0

-33.0 r j282.0

-35.5 r j289.0

-27.5 t 249.0

-23.0 t 257.0
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produced by linearjzation of the converter, active and reactive power

equations is only t5%. These linearjzed expressions have been used to

investigate system stabi lity with ac and the reactive power contnol.

The results obtained from the stability studies indicate that the system

is relativeìy ìess stable than what has been shown by the smalì signal

anaìysis in Chapter II. However, sensitivity to the controì ler gains,

the sending ac system impedance, and receiving ac system impedance have

been observed to be similar to smalI signal analysis studies. The

control system anaìysis reported in this chapter provides the background

for designing the controller for relatively larger changes in the

operati n9 points.

3.8 CONCLUSIONS

The fol lowing conclusions are drawn from the study in this chapter.

i ) Non-l inearities of the hvdc system can be I inearized over a

wide range with t5% error,

ii) The effects of the firing angle for the stability analysis can

be included by modifying the converter modeì by s.impie gain of

0.58 in the converter model block.

iij) Stabil ity predicted by the steady-state stability analysìs is

on the hìgher side than what is determined from the new

technique.
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CHAPTER IV

EXPERIMENÏAL STUDY OF HVDC CONTROLS AT THE INVERTTR TERMINAL

4.1 INTRODUCTION

In Chapter I I a theoretì ca l study was performed to devel op an

understandìng of the influence of various controls and system parameters

on the system stability. In this chapter the results of an experimental

study are described. The experimentat.ion could not be very extensive

because of hardv¡are ljmitations. The purpose of this study was to

deveìop a quick feel for the relative effectiveness of various control

modes at the inverter terminal. Further, the study may be used to

select critical faults. The effectiveness of various control modes is

measured in terms of the dc power recovery tin¡e and magnitude and

duration of overvoltages at the inverter ac bus. The study was carried

out on the real time, physical component simuiator available at the

University. Various control schemes were considered at the rectifier
and the inverter terminals.

Recti fier Termi nal

a) Minimum firing angle control, and

b) Constant current control

Inverter Termi nal

a) Exti nction angle controì

b) Constant cument con tro l

c) Power factor control
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Reacti ve power con tro 1

DC vol tage control

AC voì tage control

Extinction angle and constant current controls are normally

provìded at the inverter termjnal of hvdc schemes [1]. Thjs combinatjon

of controls will hereafter be referred as the conventional control

for the i nverter terminal.

Time of the dc power recovery, magnitude and duration of over-

voìtages on the system are studjed subsequent to the app'l ication of

various system faul ts. These studies are repeated as the inverter

operates with different controls. The system specifications and typical

faults used for the investigations are discussed in subsequent sections.

4,2 TEST SYSTIM

The hvdc system shown in Figure 4.1 is used to investigate the

effectiveness of various control rnodes at the inverter terminal. This

is a very simple system because an extensive system cannot be

represented on the real time physical component sinulator on account of

the Iimitations on the number of available components. The foìlowing

simplifications are made to real jze a hvdc systern with six-puìse

converters,

i) AC filters at the rectifier terminal are not model led.

ij) DC line is represented by one lumped n section,

iji) DC filters at the dc side of the rectifier and the jnverter are

not model I ed.

d)

e)

f)
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iv) AC filters at the inverter termjnal are model led as 5th, 7th,

and 12th harmonic filters. The lzth harmonic filter is

model l ed ì n pì ace of llth and 13th harnon ic fj l ters.

v) VDCL and commutation dc ramp circuits are not implemented.

The el imination of the ac and dc filters at the rectifier terr¡inal

may cause distortjon of voltage at the ac bus. Thjs d.istortion may

cause higher magnitude of 6th harmonics at the dc terminal. However,

the 6th harmonic filter is provided in the voltage and current measure-

ment circuits. Hence, the current control performance at the rectifier
terminal may not be influenced. The influence of harmonics on the

fÍring circuits and control system is normalìy signìficant only for high

gains of controì loops [1]. In addition, the ac and dc filters are also

provided to reduce teiephone interference with neighboring transmission

ìines and to minjmize heating of capacitors and generators and noise on

the telephone line [1]. However, in the simulator study of various

inverter controls, the above-mentioned effects of ac and dc harmonics

are not important. Hence, the influence of ac filters at the rectifier
terminal and dc filters at both the rectifier and the inverter terminals

may not influence the control characteristics at the inverter terminal

since all measuring circuits are provided with low pass filters.
The voìtage dependent current limit (VDCL) and direct current ramp

circuits are normaìly implanted to improve the system recovery [32].

Since none of the control schemes is provided t^lith these features, the

relative performance of control schemes may not be influenced.

The ac systems, dc I ine, and ac fj I ter parameters are I i sted i n

Appendix 41. The system is characterjzed by a short cjrcuit ratio of
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4.0 for the sendìng ac system and a short circuit ratio of 2.0 for the

recejving ac system. Consequently, the influence of the low short

circuit ratio of the receiving ac system on system recovery from various

faults may be studied. Various faults and their durations are reported

in the next section.

4.3 FAULTS FOR SYSTET1 TEST

The foìlowing faults are applied to the system to determine the

effectiveness of various control modes at the inverter terminal.

Three Phase to Ground Fault is the most severe fault 133]. Hence,

it is necessary to determine the system recovery from the fault to

evaìuate var.ious control modes, The direct and remote faults are

appjied at the inverter ac bus, As well, this fault is applied direcily

to the rectifier bus. Three phase ac faults applied directly at the

inverter bus or rectifier bus depress the ac voltage at the ac bus to

zero, whereas, a fault applied remotely from the inverter bus reduces

the voltage at the inverter bus to a low value but not to zero, Remote

faults are, therefore, applied in the model through ìmpedance as shown

in Figure 4.1. For the tests described in this chapter, the fault

impedance (Zr) is chosen in such a mannen that for duration of the fault

the ac vo'l tage at the inverter bus is depressed to 0.5 p,u.

Single Phase to Ground Fault is the most frequent fault [33] which

occurs on the system. Hence, this fault is applied directly and remote-

ìy at the inverter terminal as described above, and this fault is

directìy appl ied on the rectifier terminal .



DC Line Fault is appìied on the dc terminal of the jnverter

shown in Figure 4.1. The duration of this fault has been kept

200 ms.

These faults are created by using the computer program avajlable on

the simulator written in Turbo-PASCAL, This software package has the

faciìity to vary the duration and the type of the fault. The computer

controlled relays are used to apply various faults.

4.4 MEASURE OF EFFECTIVINESS FOR VARIOUS CONTROL MODES

The following two measures are used in eva'luating the effectiveness

of various control modes at the inverter.

i) Peak Value of Overvoltages at the AC Bus of the Inverter: The

magnitude of instantaneous overvoltages determines the

insulation level and stresses on the valves. The voltage of

only one phase (phase A) is shown in the results discussed in

th is chapter.

ii) DC Power Recovery Time: The faster the system recovers from

faults to a healthy condition, the better it is for the

consumer and for stable operation of the system. The dc power

recovery time is defined as the time elapsed for the dc power

to recover to B0% of its steady-state value.

The measurement of the dc power is performed by the use of a

programmable osciìloscope, Two channels of the osc.i l loscope

simultaneously scan the dc voltage at the inverter terminal and the

direct current. The wave-forms in these two channels are muìt.ipì.ied to

obta i n the dc power.

65
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The dynamic overvoltage trace t/as not recorded

on the number of avajlable channels of oscilìoscopes.

66

due to I imitations

4,5 IMPLTMENTATION OF VARIOUS CONTROL MODES

Measurement Ci rcu i ts

Standard measurements circuits were available on the simulator to

measure currents, voltage and extinction angle [34].

Current Measurement: The direct current measurement at the

inverter and the rectifier terminals is performed by using the LEI'l

shunts, The magnetic flux in the iron-core of the LtM shunt is measured

with a Hal I probe and conpensated to zero by means of subsequent

electronic circujts, An additional circuit js available to compensate

the dc offset 1341 .

Extinction Angle Measurement: The neasurement of the extjnctjon

angle is penformed by using an 8087 microprocessor chip. The voìtage

across the non-conducting valve is used to calculate the extinction

angle f34-1. The extjnctjon angle measurement card is available in the

s imul ator.

AC Voltage Measurement: The ac voltage jn all three phases

is measured by using a divider and compensation network at the inverter

ac bus [34,]. The outputs of all the three transducers are fed to the

full wave diode rectifier to obtajn the rms value of the three phase

voltage. The smoothing of ripples Ís performed by usìng a fi'l ter tuned

to the 6th harmonic frequency to el iminate the effect of the 6th

harmonic cornponen t.



^1a = E (u.bi. * ub.ib * u.uib)

Equat j on ( 4.1) is valid for a ba I anced cjrcuit. It
f rorn equation (4.1) that a muìtipl ication chip i

The analog multiplìcation chip No. MC1594L [36] is
multipl ications are carn i ed out s jmu ltaneous'ì y

outputs have been added through operationa l amp ì if
proper ga'i n of 0,57 7 to accommodate the factor
equation (4.1).
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DC Voltage Measurement: DC voìtage measurements are carried out jn

a manner sjmilar to the ac voltage measurement at the dc terminal of the

i nve rter,

Reactive Power Measurement: The instantaneous reactjve power can

be defined as foììows [35].

(4.1)

is evident

s required,

used. Three

and their
i ers wi th a

of 1¡fi of

V"t
cosó = 

Eo..

power factor

dc vo] tage at the inverter end

no load dc voì tage

(4.2)

where cos ó

v¿i

Ki v..

The measurement of the power factor is carried out by

No. MC1594L [36] and signals VO, and V...

Power Factor I'leasurement: lhe power factor can be calculated

approximately by the reìationship given below [1],

using Chip
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The complete block diagran nepresenting the sal ient features of the

real time, physicaì component simulator available at the Unjvers.ity .i 
s

shown in Figure 4.2. All control circujts are realized with the p-l

control ler. The P-l card is supplìed by Brown Boveri. The functjonal

block diagram for reajization of various contnol modes at the inverter

terminal js shown in Figure 4.3. Each control mode (c-f) js tested

without the combination of the current control at the inverter ten¡rinal.

4.6 SYSTEI4 RESPONSE TO VAR]OUS FAULTS

The system response to various faults is observed for each control

scheme. The control ler parameters are selected by repeating the experi-

ments. However, the instant of the fault could not be control led.

Hence, the control ler parameters were selected by observing the best

response for the single phase to grounci fault at the inverter bus.
The control parameters used for system recovery are I isted in

Appendix 41. The same control ler parameters are used to investigate the

system recovery for other faults.

AC Voltage Response: The following cornparison can l¡e made for
different fauìts by considering onìy the ac voìtage response at the

inverter ac bus. The control mode rvhich produces the ninimum magnitude

and duration of the ac overvoìtage and minjnum dc power recovery tirne is

normal ìy regarded bes t,
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Three Phase Fault at the Inverter Bus: Records of the ac voltage

for varjous control modes are shown in Figure 4,4.

observations can be made from Figure 4,4.

ïhe fo ìì owi ng

a) The duration (1OO ms) of overvoltages is the same for all
cases.

b) The slowest recovery from ac voltages is observed for the power

factor control, The reason is that the divisjon circuit goes

into saturatjon because of an undefined Value of the power

factor defined by equation (4.2). The soìution to this problem

is considered in Chapter V.

Simi ìar'ly, the ac voltage response can be observed for other

faults and traces of these faults are presented in Appendix 42. The

results for the ac voltage response for all faults are summarized in

Table 4.1(a) to Tabìe 4.1(g).
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Figure -4,4 AC Voltage Response for the Three Phase
To Ground Fault at the Inverter AC Bus
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theTable 4.1(a) System Response to the Three Phase to Ground Fâult at
Inverter AC Bus.

lnstantaneous Vol tage Response

Control
Scheme

Hìghest Magnìtude
in p.u.

p

DC Power Recovery
Time in ms

t

Duration
in ms

l_
p

Conventional
Povrer Fa cto r
DC Voìtage
AC Vol tage
Reacti ve Power

1.22
1.1i
1. 18
1.20
1..22

100
100
100
100
100

45
75
t5

130

Table 4.1(b) System Response to the S.íngle phase to Ground Fault at the
Inverter AC Bus.

Instantaneous Vol tage Re s pon se

Con t ro l
Sc h eme

Hi ghest |!lagn itude
in p.u.

V
p

DC Power Recovery
Time in ms

tr

Duration
in ms

+

lJ

Conventional
Power Fa cto r
DC Vo ltage
AC Voìtage
Reactive Power

1.20
1.20
1.20
1.20
r.20

OE

45
76

l aE

43

58
70
ÃÃ

100
58

Table 4,1(c) System Response to the Remote Three phase Fault at the
Inverter AC Bus.

Instantaneous Vo ltage Re s pon se

Hi ghest Magn itude
ln p.u.

V
p

Control
Scheme

Duration
in ms

l.
"p

DC Power Recovery
Time in ms

tr

Conventional
Power Fa cto r
DC Vol tage
AC Voltage
Reactive Power

1.17
r.t7
1.20
1,.21
1. 10

50
BO

BO

i30
66

62
62
62
85
62
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Table 4.1(d) Syster': Response to the Remote Single phase Fault at the
Inverter AC Bus.

Instantaneous Vol tage Response

Highest Magnitude Duratjon DC power RecoveryControl in p.u. jn rns Time jn msScheme UO tp t,

Conventi ona I i.15
Power Factor 1.15
DC Vol tage 1. 15
AC Vol tage 1.15
Reacti ve Power 1.15

Table 4.1(e) System Response to the Single phase to Ground Fault at the
Recti fi er AC Bus.

Instantaneous Vo ltage Re s pon se

Highest Magnitude Duration DC power RecoveryControl in p.u, in ms Time in msScheme VO tO t,

Conventiona I 1.15
Power Factor 1. 15
DC Vol tage 1. 15
AC Vol tage L20
Reactive Power 1.20

36

36
64
25

50
65
80
50
66

29
29
29
22
29

Ãn

66
0
0

30
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Table 4.1(f) System Response to the Three Phase to Ground Fault at the
Rectifier AC Bus.

I nsta n taneous Vol tage Response

_ Highest Þlagnitude Duration DC Power Recovery
Control in p.u. jn ms Tjme in msScheme UO ,p t.

Conventi ona I 7,20
Power Factor L20
DC Voìtage 1.20
AC Vol tage 1.20
Reacti ve Pov¡er I.20

30 2s7
58 36
58 50
022

16 29

Tabìe 4.1(g) System Response to the DC Line Fault at the Inverter
Termi nal .

Instantaneous Vo ì tage Response

Con tro ì
Scheme

Highest Magnìtude Duration DC Power Recovery
in p.u. in ms Jime in ms\/ttp p -r

Conventional 1.10
Power Factor 1. 15
DC Voì tage 1. 15
AC Voìtage 7.20
Reacti ve Power i.15

500 671
580 671
65 7r
O T2B
0 30
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DC Power Recovery

Shorter recovery tjme of the dc power ì ndi cates better system

stability. Hence, the control scheme which produces the fastest

recovery of the dc power without causing instabììity is regarded as the

best control scheme. The dc power recovery from various faults is
di scussed bel ow.

Three Phase to Ground Fault: The dc power recovery from the three

phase to ground fault at the inverter is il lustrated in Figure 4.5, The

duration of recovery for each control scheme is listed in Table 4.1(a).

The following observations may be made from Figure 4.5.

a) The recovery time for the reactive power control , the power

factor control , and the dc voltage control is the sane (75 ms).

However, the dc power recovery js not acceptable for the power

factor control because of longer settìing time.

b) The slowest recovery is achieved through ac voltage control

( rJu ms l.

Simi larly, the dc power recovery can be observed for various

faults. The traces of dc power for other faults are presented in

Appendix 43. The dc power recovery time for all faults is summarized jn

lable 4.1(a) to Table a.1(s).
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4.7 DISCUSSI0N

Various control modes at the inverter terminal are impìemented on

the real time, physicaì component simulator available at the Unìversity,

The effectiveness of each control mode is determjned by the system ac

voltage response and the dc power recovery time from various ac and dc

faul ts,

The system response for the remote ac faults and the single phase

to ground fault at the rectifier ac bus has been determined to be

simi lar (Table 4.1(c) to Table 4.1(e)). Further, it has also been

observed from Table 4.1(a) through Table 4.1(g) that the performance of

the reactive power controì and the dc voìtage control is comparable.

However, the value of the results obtained in this chapter is
qual itative because of the l imitation of the real tjme, physical

conponent sjmulator. A more detaiìed representation is used for digitaì

s imu lation i n the next chapter, Hence, no attempt wi I I be made to

correlate the physical sjmulator and d.igital simulatjon results.

Further, this study has been performed to generate a quick impression of

the relative performance of various controls and to determine the

poss i b ìe critical fau l ts.

The concept of operating the hvdc system during steady-state rlJith

any control mode other than the extinction angle control is undesirable

because ali other control modes operate at a higher extinction angle.

The operation at the a higher extinction angle causes higher reactjve

power demand and stresses on the valves. Hence, jt is decided to intro-

duce any of the control modes durjng transjents only. Once the steady-

state is reached, the system operation is reverted to the extinction
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angl e control . Infl uence of the sw itchi ng control modes on the

operation of the system is reported in subsequent chapters.



80

CHAPTER V

DIGITAL S]l"luLATION STUDITS

5.1 INTRODUCTION

The steady-state stabiììty analysis of the hvdc system with

various control schemes at the inverter termjnal has been reported in

Chapter II. Further, an injtial ìmpression of the relative performance

of various control schemes at the inverter terminal has been obtained

for the system recovery from various ac and dc side faults at the

rectifier and the inverten terminals in Chapter IV. The results

obtained in Chapter IV are qualitative because of the limitation of the

setup. Hence, a more detailed representation is used for digital

simulation in this chapter, and no attempt is made to compare the

results of the physical simulator and digital simulatjon,

There are various techniques available in the literature for

simulating hvdc systems in detail on a digìtal computer [37-39].

However, the use of the EI'1TP and EMTDC packages has become more popuìar

because of their versatil ity and user friendl iness 140-421. These

simulation studies of hvdc systems are limited to conventjonal control

nodelljng at the inverter terminal of the hvdc system. This chapter is

devoted to the model I ing of the hvdc system and its various control

schemes using the EMTDC package for digital simulation and study of the

system recovery for some of the crjtical faults reported in Chapter IV.

Power system dynamics is simulated in the time domain with three

phase representation of an ac network in the EI'ITDC package. Subroutines
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are avajlable to model a frequency dependent distributed transr¡jssjon

'ìine, generalized sìx-puìse thyristor bridge with dampini cjrcuits,
transformer saturâtion, metering system, and the dc conventional

controls, Various control schemes (c-f) are reported in Chapter" IV in
Section 4. In addition, the reactive current contro'l is model led at the

inverter terminal and interfaced with the EMTDC package to compìete the

'l iterature.

These computer programs can be used to interf¿tce various control

schemes with the El'lTDC package at the rectifier terminal by appropri-

ateìy changing limits on the firing angles and controller gain and time

constants.

5,? I'IODELLING OF AC-DC-AC SYSTEM

The point to point ac-dc-ac system shown in Figure 5.1 is model led

and simulated to investigate the system recovery from various fauìts by

using dìfferent control schenes, The system with the foì'lowing specifi-

cations at the inverter is model led.

Rated active power = 810 Ml.l

Current in the dc system = 1.8 kA

Length of dc transmission Iine = 895 km

The detailed representation of the ac system at the inverter/rectifier"

bus is shown in Figure 5,1 The ac systenr impedance (component values are

given in Appendix B1) at the rectifier and the inverter is adjusted to

provide short circuit ratios of 4,0 (rectifier) and 1.5 (inverter) with

138 kV at the rectifier ac bus and 230 kV at the inverter bus, These

short circuit ratios are chosen to study the influence of a low short

circuit rôtio of the receiving ac system on the system recovery from
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different faults for various control schemes, Further, each converter
'at the rectifier and the inventer terminal consists of:

i) Three serjes connected six-pu1se valve groups per poìe, each

rated at 150 kV, 1.8 kA.

ii) Converter transfon¡er wìth ìeakage reactance of l3% at its own

base.

j i i ) Smoothing reactor of 0.75 H.

iv) DC filters tuned to 6th and 12th hannonics (component va,ì ues

are given in Appendix BI).

Each six-puìse converter at the rectifier and the inverter tenninal is

simulated using B6Pll0 subroutine [43]. In this subroutine, each valve

is individually modeììed with an equìvaìent R-C snubber circuit and

phase ìock osciììator, which is used to generate firing puìses for each

valve [43]. Additionally, the converter transformers are model led with

saturation as shown in Figure 5.2. The saturation is accounted for by

adding an additional fìux dependent current to the current computed by

the Iinear part of the model [44]. The V-I characteristics of the

transfonmers are modelìed with a knee point voìtage of 1.2 p.u. and wjth

an air core reactance double that of the leakage reactance.

The 895 km ìong dc transmission Iine separating the inverter and

the rectifier stations is model led as a frequency dependent, mutualìy

coupìed, distributed Iine with the foìlowing parat'¡eters.

Line resistance = 0.0155 ohms/km in the steady-state at 5.0

= 0.019 ohms/km in the steady-state at 90.0

Mode travelling tìme = 3.037 ms

Characteristic impedance = 300.00 ohms

Hz

Hz



84

Fìgure 5.2 The Converter Transformer l1odel
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The ac system feeding the converter bus at both ends is rnodelled as

an jnfinite bus. The ac system impedances are represented by R-RL

networks havìng the same damping at the fundamental and the second

harmonjc frequency. AC filters comprìsed of the 5th, 7th, 11th, 13th

harmonics and hìgh pass are connected at the converten buses as shown in

Figure 5.3. The filter banks at each converter are djvided into two

equal sections to enable the switching out of 50% of filters after

6-cycles fo'l lowing the dc block for controll ìng dynamic overvoltages.

The components values for ac fi lters are listed in Appendix 81.

5.3 DC SYSTEM CONTROLS

The dc system is assumed to be operatìng ìn the constant current

mode without higher 'level controls. The rectifier operates on constant

current control , whereas the inverter controls the voltage by operating

at a constant extinction angle control under steady-state, The poìe

controller (P0L1C6) determines the firing angle for the complete hvdc

system by maintaining the djrect current at a constant level [43], The

firing angle generated by the pole controller (Figure 5.4) is compared

with the firing angle generated by the vaìve controller (VG1C18) [43]

shot,ln in Figure 5.5. The minimum of the two firing angìes is selected

to send the signal to the firing circujt.

The voìtage dependent current limjt js incorporated to modify the

control characteristics as shown in Figure 5.6 in order to help the

system recover from the fauìts by reducìng the direct current order for

ìow operating voìtages. If the dc voltage at the rectifier terminal

faìls beìow V_.,- for more than 20 msecs, the VDCL is activated and,mln

hence, the dc voltage at the rectifier end is ljmited by the current
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order to Imin. This current order is maintained untiI the dc voltage on

the rectifìelis less than Vm.in, 0nce the rectifier voltage is greater

than Vrrn, the cunrent order is ramped to 1,0 p.u. The modified control

characteristics are shown in Figure 5.5. The current ìs ramped from 0.3

to 1.0 p,u. in Tvdcl (70 ms). The commutation ramp is activated when

comrnutation failure is detected. The current order at the inverter

terminal is normally forced down to Irin and maintained there as long

as the commutation failure persìsts. once the inverter is free of

commutation fai lures, the current order is ramped to the steady-state

value, The duration of this ramp is chosen to be 150 ms,

5.4 ]NTERFACING OF VARIOUS CONTROL MODES l,lITH EMTDC

The fol I owing controì modes are real ized by writing computer

programs jn the F0RTRAII prograrnming language.

a) AC Voltage Control: The measurement of effective three phase

voltage is performed by using a six-pulse djode bridge. The

rectjfied voltage is passed through a low pass, first order filter
network to model the delay jntroduced by the measurement circuit

and filters as shown in Figure 5.8. This filtered signal is
subtracted from the reference signal (1.0 p.u. voltage) to generate

the error signal. The error signaì is processed by the controller

to generate the firìng angle. The firing angle js limited between

108o and 180" [42]. The ljmiter circuit is real ìzed by two IF

statements.
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b) DC Voltage Control: The dc voltage 'is measured before the smooth-

ing reactor at the inverter termjnal. The measured signaì js

passed through a delay circuit to simulate the measurenient delay.

The delay cjrcuit is real jzed as follovrs.

Delay Circuìt = (T,+-=)

v/here Td = delay jn secs; S = Laplace operator..

The measured signal js compared with the reference signal

generate the error signal. The error signal Ís used by

control1er to generate the firing angle.

c) Power Factor Control: The power factor at the inverter terminai

has been calculated by the foì'ì owing relationship [1] and passed

through delay circuits to simulate the measurement delay,

to

the

V,.
cos$ = "+''i'

no I oad dc voltage

dc voltage at the inverter terminal

(5.1)

where K.V
'I

v¿i

During faults, it is possible for 'V' to be zero, Hence,

equation (5.1) causes an overflow. This probìem has been overcome

by setting the power factor at 1.0 for the durâtion of the

di sturbance. The power factor i s frozen to 1,0 rather than a

steady-state value to provide appropriate djrection to the firing

angle after the clearance of the fault, The error sìgnaì js

generated by subtracting the meâsured signaì and processìng similar
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to the above-mentioned control schemes. This controi is real ized

t,lithout a tap changer control.

Reactive Current Control: The reactive current at the inverter

ter"minal can be ca'l culated by using equation (5.2).

where

This calculated signa'l is passed through a simpìe delay circuit to

simulate the measurement delay, The firing angle generated by this

scheme is similar to that obtained from the ac voltage control.

e) Reactive Power Control: The reactive power absorbed at the jnver-

ter terminal is calcuiated by using equatìon (5.3).

tO = K., IO sino

.----.--.--.----

sin6 = /1 - cosó¿

coso = power factor

tO = reacti ve current

a = ulo

V = rms voltage for thnee phase ac voltage

IO = reacti ve current

(5.2)

(5.3)

where

The measurement of 'V' is carried out exactly as mentioned for the

ac voltage control. The'lO'is ca'ì cuìated by using equation (5.2).

The calculated reactive power is passed through a deìay network to

simuìate the measurement delay. The error is calculated by subtracting

measured reactive power from the reference value of the reactive power.

The firing angle is generated in a fashion similar to that descrjbed for

the ac voltage control .
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The functional block diagram to real jze varjous control modes at

the inverter termjnal is shown Ín Figure 5.8. The measunes to evaluate

the performance of al I control modes at the jnverter terminal ,

controller design for each control scheme, and the system response to

critical faults are discussed in subsequent sections.

5.5 MEASURES FOR DETERMINING THE EFFECTIVENTSS OF VARIOUS CONTROL
s cH E¡4ts

A comparison of various control schemes is caried out on the basis

of the measures djscussed in Chapter IV (Section 4.4). In addition, the

dynamic overvoltages (OOV) are considered,

Dynamic Overvoltages (DOV): The rms value of three phase ac

voltage is measured to indicate the dynamic overvoìtages, The effec-

tiveness of various controls is measured on the basis of both the

duration and magnitude of the dynamjc overvoìtages, The duration of the

dynamic overvoltage is defined as the time elapsed in miiIiseconds for

the magnitude of the overvoltages to remain at or above 1.1 p.u. [45]

foì ì owing a disturbance.

5.6 CONTROLLTR DESIGN FOR VAR]OUS SCHE¡4ES

The following control ler configuration js used for various control

schemes at the inverter terminal of the hvdc system.

lrS+1ì (1 +TS)
Gc(s) = k. [-L, J 1r-_]þ

control I er transfer function

control I er gain

(s.+)

Gc(s)

k

where
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tc

Tu' Tb

control I er time constant

tjme constant of the lead-lag network

The controller optimization has also been carried out for the

evaluation of the effectiveness of all control schemes, The controller

for each control scheme is optìmized by observing the system recovery

for a given djsturbance over a range of controller parameters. The

selection of the controller parameters is performed on the basis of the

optimum system recovery from the disturbance. The procedure of

optimization is repeated for all control schemes for various faults.

The optimized control ler pararneters for various faults are given in

Appendix 82. However, the optimization of various controì schemes is

valid only for a given system configuration. Once the system confjgur-

ation changes, the optinjzation of the controller parameters is to be

carried out again for alI control schemes and various faults as

indicated by the smaìì signal anaìysis in Chapter II.

5.7 SYSTIM RECOVERY FOR SOME FAULTS l,¡]TH VARIOUS CONTROL SCHEMES AT THE
INVERTER TIRMINAL

Extinction angle control operates best during the steady state

because jt mjnimizes harmonic generation and reactive power consumption.

The suggestion of totally replacing [9] the conventional controls by one

of the new control schemes is undesirable because these alternate

control modes operate at higher extinction angle, which results jn

higher harmonjc generation, reactive power demand and losses. Subse-

quently, the total cost of the station increases.

A better solution [8] is to introduce the new control just after

the disturbance for a few cycìes to limit overvoltages and minirnize the
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possibjlity of potential commutation failure. Thìs techn.ique has the

merit that during the steady-state condition the system operates with

rnj nimum reactjve power demand.

The concept used in this chapter to evaluate the effectiveness of

varjous control modes ìs to replace the conventjonal control by one of

the controì schemes (b-f) for 300 ms just after a fault and then revert

back to the originaì conventional control . This concept of repìacing

conventional control by ac voltage contnol has been reported in
reference [B]. However, thjs latter study is I imited only to three

phase faults at the inverter ac bus. In thjs chapter the effectiveness

of the ac voltage control is studied for some other faults. In

addition, to compìete the ìiterature, the effectiveness of new controì

schemes like the dc voìtage control, the reactive power controì, and the

power factor are also investigated.

The power factor control reported in reference [11] is not a reaì

power factor control because it needs assistance from the tap changer

control, which makes the power factor control response very slow. A

pure po!/er factor controì, discussed in Section 5.4, which does not

require the assistance of the tap changer js used for comparison.

The reactive current control [9] and the reactive pot,ter control

have the same characteristics in steady-state. However, durìng

transients, the ac bus voltage is not 1.0 p.u. and the characteristics

of the reactive power control become different from the reactive current

control . Hence, the investigations are also carried out for the

reactive power control ,
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Effectiveness is determined in terms of the magnitude and duration

of the dynamic overvol tages, dc power recovery time, and the peak

overvoltages, which are discussed next.

The followìng faults are applied to the system to compare various

contnol schemes mentioned in Sectjon 5.4 because the previous investiga-

tions seem to show these faults to be critical.
a) Three phase to ground fault of 100 ms duratjon at the inverter and

the rectifier ac bus,

b) Singìe phase to ground fault of 100 ms duration at the inverter and

the recti fi er.

c) DC line fauit of 200 ms duration at the inverter,

System Response for lrarious Faults

The system response for various control schemes js studied by time

domain simulation on the EMTDC digÌtal program, The results are summa-

rized bel ow.

a) Three Phase Fault on the Inverter Bus: The fol ì owing variables are

observed to determine the effectiveness of each control scheme.

i ) Instantaneous AC Voltage (Figure 5.9): The duration (200 ms)

and magnitude of overvoltages (2 p.u. ) are the same for the

power factor and the conventjonal control . The ac voltage

control , the dc voitage control , reactive current control , and

reactive polrer control behave similarly. For these four

control schemes, the duratjon of overvoltage is shorter by

5 cycles and the magnitude of peaks is smaller by 20% for the

last 3 cycles ìn comparison to the conventional control .
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ìi) Dynamic 0vervoltage (D0V) (Figure 5.10): The most effectjve

control to minjmize DOV is the ac voltage control because jt
produces DOV for only 110 ms. The DOV characteristjcs for the

dc voltage control and the reactive power control schemes are

comparable in duration and magnìtude (Table 5. i). Ihe duratjon

of DOV for the reactive current control is almost the same as

the conventional or the power factor control , However, the

relative magnitude if DOV is less by 10% in the case of the

reactjve current control in comparison with the conventional

control.

ìii) DC Power Recovery (Figure 5,11): The duration of the dc power

recovery is about 210 ms for all control modes,

Similarìy, results are obtained for other faults and the traces of

the above-mentioned variables are pnesented ìn Appendix 83, A summary

of the durations and the magnitudes of overvoltages and the recovery

time for the dc power for al I faults is presented in Tabìe 5,1(a) to

Tabie 5.i(d).
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Table 5.1(a) System Response for the Three Phase to Ground Fault at the
Inverter AC Bus.

Instantaneous
Vol tage Response

Dynamic Overvol tage DC Power
Response Recovery Tìme

Control
Scheme

Highest
Magn ì tude Du ra t ion
'in p.u. in ms

Vtpp

Highest
I'lagni tude Du rati on
in p.u. jn ms

u D tD

tr tn
ms

PFC

DVC

RPC

AVC

RCC

ctA

2.00

2. 00

1.80

2.00

1.80

2.00

210

142

136

110

1,22

230

1.40

1.35

1 ¿.n

1.35

i.40

1.48

2r0

1,42

i36

i10

r22

230

2r0

21,0

210

210

210

210

Table 5.1(b) System Response for the Single Phase to Ground Fault at
the lnverter AC Bus.

Instantaneous
Vol tage Re s pon se

Dynamì c Overvoltage DC Power
Response Recovery Tìme

Control
Scheme

Highest
Magnì tude Duration
'in p.u. in ms

Vtpp

Hi ghest
l"lagn ì tude Duration
in p,u. in msvo tD

tr in
ms

PFC

DVC

RPC

AVC

RCC

CEA

1.45

1 01

1.66

1 .83

1.60

1 .85

7I

80

122

52

135

135

1.40

1 1',)

1 ??

1.20

1.26

1.33

7T

80

122

52

135

135

140

140

140

140

140

140
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Table 5,1(c) System Response for the DC Ljne Faul t at the Inverter
Terminal.

Instantaneous
Voì tage Response

Dynamì c 0vervoltage DC Power
Response Recovery Time

Control
Scheme

llì ghe s t
l'lagn i tude Duration
in p.u. Ín msvo to

Hìghest
Magn i tude Duration
in p,u. in msvo tD

tr in
ms

PFC

DVC

RPC

AVC

RCC

CEA

1.5

1.5

1.5

1Â

1.5

1.5

1.5

1E

1E

1.5

1.5

¡r\

115

115

1i5

11Ã

115

115

126

84

122

65

125

110

r23

84

122

65

125

110

Table 5.i(d) System Response for the Three Phase to Ground Faujt at the
Rectifier AC Bus.

Instantaneous
Voì tage Res pon s e

Dynamic 0vervol tage DC Power
Response Recovery T ine

Control
Scheme

Highest
Magni tude Duration
'in p.u. jn ms

Vtpp

Highest
lvla gn i tude Duration
in p.u. in msvo tD

Lr i n
ms

PFC

DVC

RPC

AVC

RCC

CEA

i.41

1.41

1.5

1.5

1Ã

1.5

1.5

1.5

'tE

1Ã

1.5

1.5

t32

1tÒ

t32

r32

r32

t32

70

100

128

55

T28

OE

70

100

T2B

55

128

85
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5.8 DISCUSSION

The evaluation of the effectiveness of various control schemes at

the inverter terrnjnal of the hvdc system feeding to a relativeìy weak ac

system has been carried out. The effectjveness of varjous controj

schemes is determined on the basis of system recovery from different ac

and dc faul ts j n terms of peak i nstantaneous overvo ltages , dynamic

overvoltages (magnitude and duratìon), and dc power recovery tìme, The

concept used for" determining the effectiveness of varjous control

schemes is that each control scheme is introduced for 300 ms from the

instant of the fault and thereafter the inverter operation is reverted

to the conventional contro'l . The concept is used because it has the

advantages of the mjnimum reactive power demand and minimal harmonic

generation durìng steady-state, and it minimizes the overvoltages

foiìowing the faults. It is also found that svritching from one control

to another $/ithout producing significant voltage and power oscj llation
is possible (Figure 5.9 through Figure 5.11).

It js obsenved that when appropriately optimized control lers are

used, simiiar po!/er recovery is achieved (Table 5.1(a) through Tabìe

5.1(d)), However, the dynamic overvoìtage profiìe differs, as seen in

the computed resuìts shown in Table 5.I(a) through Table 5.1(d),

Further, it is observed from Table 5.1(a) through 5.1(d) that the

overvoltages can be mjnjmized by introducing the dc or ac voltage

control for 300 ms just after the fault,
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5.9 CoNCLUSToNS

The evaluation of all control schemes at the inverter terminal

of the weak ac system has been performed. The fol lowing important

conclusions can be drawn:

j) The same dc power recovery time can be achieved by proper

optìmization of the contro'l 1er pararneters for every control

scheme,

ii) Dynamic overvoltages can be minjmized by introducing either the

dc voì tage control or the ac vol tage controì for 300 ms

irnmediately after the disturbance (table 5.1(a) through

Table 5.1(d)). The dc voltage control should be preferred over

the ac voltage control because it minimizes the compìexity of

the control circujt by el iminating the need of a bridge

rectjfier and three ac voltage measurement circujts, In

addition, there is no need for the 6th harmonic filter for the

dc control because it already exists jn the system,

iii) The dynamic overvoltage response is different for various

control schemes, However, it is believed that economjcal

devices I ike a metal oxide arrester (MOV) can be used to

improve the DOV characteristics. Hence, the propen optimiza-

tion of the conventional control scheme is sufficient to obtain

a desirable system response and there js no need to repìace the

exj sti ng conventional control .
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CHAPTER V]

INFLUENCI OF THE SINDING END SHORT CIRCUIT RATIO

ON THI PTRFORI"JANCE OF HVDC CONTROLS

6.1 INTRODUCTION

Thìs chapter deals wjth the study for determining the influence of

the sendìng ac system short circuit ratio on the 
.performance of the

controls of a hvdc system. This study ìs performed to investÍgate the

system response to a step change in djrect current and the system

recovery from various faults. Several authors 146-491 have invest.igated

the influence of system performance having a ìow short circuit ratio at

the receiving end. However, the influence of lowering the short circuit
ratio of the sending end ac system has not been studied in detail. To

jnvestigate the jnfluence of the sending ac system short circuit ratio

on the performance of the hvdc system, the fol lowing three cases are

undertaken,

Case (a) A weak receiving and strong sending ac system.

Case (b) A weak recejving and ureak sending ac system.

Case (c) A stnong receiving and weak sending ac system,

The acldclac system is represented as mentioned jn Chapter V, The

following studies are carrjed out to evaluate the system performance for

the conventional control .

Direct Current Step-Response: This study is performed to evaluate

the system stabi I i ty and to ver'ífy some of the resul ts reported .in

Chapter I I.
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System Recovery: Some of the faults discussed ìn Chapter IV are

applied to study the systen recovery for the three cases aforementjoned.

The comparison of system recovery for a'l I three cases ìs performed ìn

terms of the instantaneous peak overvoìtages, dynamic overvoìtages and

dc power recovery tìme.

6,2 DIRECT CURRTNT STEP RESPONSE OF THT HVDC SYSTEM

The step change in the direct current is sjmulated for the three

cases mentjoned earlier by raising the current reference from 1,0 p.u.

to 1.1 p.u.

DC Power Recovery: The step change in the direct current for case

(a) causes oscillation in the dc power and it takes about 300 ms

(Figure 6.1) to settle down to the steady-state value, For case (b) the

dc power reaches to its steady-state value in 170 ms. This indicates

that by lowering the short circuit ratio of the sending end improves the

systen response. Further, Figure 6,3 neveals for case (c) that the dc

power takes 80 ms to settìe down to its steady-state value, which shows

the improvenent in systern response.

RllS Voltage Response: The rms voltage of the three phase system Ìs

measured to determine the influence of the sending ac system short

circuit ratio on the dynamic overvoìtages. It is observed from

Figures 6.1 and 6.2 that the fluctuations in the rms voltage are almost

el iminated by reducing the short circuit ratio of the sending ac system.

However, further improvement in the rms voltage response is observed

from Figure 6.3, which indicates that an jncrease in short circuit ratio

of the receiving ac system also improves the voìtage response.
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Djrect Current Response: A 18% overshoot js observed for case (a)

only (Figure 6.1). The settlìng tìme for case (b) and case (c) Ís

almost the same (Fìgures 6.2 and 6.3) and is shorter by 86 ms ìn

comparison to case (a), This also indicates that loraering the short

circujt ratio of the sending ac system or raìsing the short cjrcujt
natjo of the receiving ac systen helps to jmprove the system response.

6.3 SYSTEM RICOVERY FROM VARIOUS FAULTS

The three phase to ground fault, the single phase to ground fault,

and dc line fault are applied at the inverter terminal to determine the

infìuence of short circuit ratio of both the rectifier and the inverter

ac systems on the system recovery. The system response to these faults

is di scussed ne xt.

Three Phase to Ground Fault: The following observations can be

made from Figure 6.4 through Fìgure 6,6 regarding system recovery from

the faul t.

a) The peak jnstantaneous ac overvoltage in the fìrst cycìe in phase-A

sholls a higher overshoot in cases (b) and (c) ttran case (a). How-

ever, the duratjon of the overvoltage is the lowest jn case (c),

while case (a) and case (b) have the same duration (Figure 6.4),

b) The rms voltage at the inverter bus indicates the lowest under and

overvoltages for case (c). A companison of case (a) with (b)

shows that the overvoltages jn Figure 6.5 are less in case (b) by

10 ms than case (a), However, the magnjtude and duration of the

undervoltages in case (b) are more than those in case (a), This
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indicates that the reactjve power demand is hìgher for a few cycìes

follovring the fault in case (b) (Figure 6.5).

c) The dc power recovery time jn case (b) and case (c) ìs almost 180

ms and, at the same time, it is 210 ms for case (a). Hence, the

reduction in short cjrcuit ratio of the sending ac system may

decrease the dc power recovery time.

The traces of the peak instantaneous overvoltages, the dynamic

overvoìtages and the dc power recovery for the single phase to ground

fault and the dc fault at the inverter terminal are presented .in

Appendix C. The results for the system recovery for various faults are

summarized in Table 6,1 to Table 6.3

6.4 DISCUSSION

The jnfluence of both the rectifier and inverter ac systems' short

circuit ratìos have been studied by investigating the direct current

step response and the system recovery from various fauìts for the same

controller settings, It has been determined that the reduction in the

short circuit ratio of the sending ac system improves the direct current

step response. This may be because the rise in the direct curent is
controlled by the sending ac system impedance.

The study of system recovery from various faults indicates that the

dc power recovery time is reduced (tabte 6.1 and Table 6.3) for the

balanced faults by either reducing the short circuit ratio of the

sending ac system or increasing the short circuit ratio of the receiving

ac system. However, for the sìngle phase to ground fault at the

inverter ac system, the best dc power recovery js observed for case (a)
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Table 6,1 System Response for the Three Phase to Ground Fault at the
lnverten AC Bus.

Instantaneous
Vol tage Response

Dynamic Overvoì tage DC Power
Response Recovery Time

Cases

Highest
l"lagnitude Duration
ìn p,u. in ms

l¡ ¡
" p "p

Highest
Ma gn i tude Duration
ìn p.u. in ms

u D tD

t inr
ms

Case

Case

Case

1.88

2.13

2,1,0

170

180

0

1.25

1 tE

1. 10

170

180

0

200. 0

1ÁO n

178.0

(a)

(b)

(c)

Table 6.2 System Response for the Single Phase to Ground Fault at the
Inverter AC Bus.

Instantaneous
Vol tage Res pon s e

Dynamì c Overvoìtage DC Power
Respbnse Recovery Time

Cases

Highest
Magnitude Durat ion
in p.u. in ms

vp tp

Highest
Magn i tude Duration
in p.u, jn ns

vo tD

t in

nìs

Case (a )

Case (b)

Case (c)

1.88

2.00

2.00

1a

r.2

i.06

70

130

0

100.0

131.3

150.0

70

130

0



Table 6.3 System Response for the DC Line Fault at the Inverter
TerminaI.

Cases

Instantaneous
Vol tage Response

Highest
l'la gn ì tu de Duration
in p.u. in ms

Vtpp

Dynamic Overvol tage DC Power
Response Ìecovery Tìme

Highest
Magn i tude Duration
in p,u. in ms

tD tD

t inr
ms

Case

Case

Case

1.25

1.25

1.07

r.2

1.2

1.1.2

100

100

60

103. 0

94. 0

85. 0

(a)

(b)

(c)

100

100

60
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(Table 6.2). This may be because asynnetrical faults cause higher

harmonics [50-51]. These harmonics may infìuence the dc power recovery.

6.5 CONCLUSIONS

The study reported here has investìgated the influence of the short

circuit ratio of the sending ac system on the performance of the hvdc

controls, The following conclusions can be drawn from the investiga-

ti ons.

i) A reduction in the short circuit ratio of the sendìng ac system

improves the system damping. This is because the rise in djrect

current is controlled by the sending ac system impedance.

ii) The increase in the short cjrcuit ratio of the receiving ac system

improves the system stabiì ity.

iii) The system recovery improves for symmetrìcal faults as the sending

ac system short circuit ratio decreases and/or the receiving ac

system short circuit ratio increases,

iv) For asymmetrical faults, the system recovery v/orsens as the sending

ac system becomes weaker or the receiving ac system becomes strong-

er, This trend can be due to the influence of non-characteristic

harmonics generated due to the asymmetry of faults during the

system recovery.



CHAPTTR VI I

APPLICATION OF RTCENT CONTROLLER

CONFIGURATIONS TO A HVDC SYSTEM

7,I INTRODUCTION

The most commonìy used controller configuration in a hvdc systern

ìs the proportional-integral (P-I) controìler. This scheme js used

because it has the fol lowing advantages.

a) The steady-state error is zero because of the integraì term [52].

Hence, the system response can match the reference signal

accurately [52].

b) It is not necessary to use the higher proportional gains required

in the proportional -onìy control ler [52..,1 .

c) Proportionaì-integral control has been found to be quite robust and

satisfactory in a variety of appì jcations and schemes [52].

However, the P-I control ler scheme has the foìlowing drawbacks.

a) Higher gains are needed to be used for a fast system response.

Hence, P-l control causes a relatively higher overshoot and longer

transi ent duration [53].

b) The system can be designed without overshoot, but then the response

to a load disturbance becomes very sìow [53],

Recentìy, a new controller configuration called the I-P controller

has been suggested for dc motor drives [53-54]. It has been claimed

that the l-P controller aljows a faster system response without a high

overshoot [53-54_], The above-mentioned advantage of the I-P controller

119
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over the P-I controller has motivated the ìnvestigation of the perform-

ance of the I-P controller for hvdc systems. The realization of P-I and

I-P control lers for singìe input and sìngle output systems js shown jn

Figure 7.1 and Figure 7.2, The following transfer functions can be

obta i ned for both systems.

(7 .1)

where

T(S) = transfer function for first order

the P-I controì ler'

system contro lì ed by

T1(s)
Ki

(7.2)5(l+rsJ+Kp5+KJ

where

T'(S) = transfer function for first order system controlled byI'

I-P control ler,

Comparing equations (7.1) and (7.2), it is evident that the I-P

control'ler el iminates the "zero" of equation (7 .2), However, the

characteristic equation for both controllers is the same. The

elimination of the "zero" causes smaller overshoot [51]. Hence, high

gain values can be used to achieve a fast response 152]. The comparison

of these two control lers is carried out in the next section for the

detai led hvdc system. The detajled hvdc system representation and jts

controls are reported in Chapter V.

K,+KSIDI(J/ = S(ITT-SITÏFJ K-I
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Figure 7.1 P-l Controller Confìguration.

Figure 7.2 I-P Controì 1er Configuration
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7.2 DIRECT CURRENT STEP RESPONST FOR A DETAILED ¡4ODEL OF THE HVDC

SYSTEM FOR I-P AND P-I CONTROLLERS

0n1y the current control configuration at the rectifier end has

been changed from P- I to I-P control I er because the i nverter i s

operatìng in the predictìve control. The fo1ìowìng variables are

observed for determining the effectiveness (Figure 7.3 and Figure 7.4).

Instantaneous AC Voltage: The undervoltages produced by both the

I-P and P-I controllers are similar jn duration and magnitude.

Three Phase RMS Voltage: The rms voltage response is superior to

the P-i controller because of fewer fluctuations, as shot,rtn ìn Figure 7.3

and Figure 7,4.

D,C. Power: It can be observed from Figure 7.3 and Figure 7.4 that

the dc power takes about 150 ns more for the I-P controller than the P-l

control ler to settìe to the steady-state value. However, the smal ier

settl jng time is desirable for dc power from a stabi lity point of view

t6], Hence, for the given gains for I-P and P-I controllers, the P-l

control ì er performs better,

Direct Current: The direct current response t,tould be affected the

most because step change is made in the current reference. The

overshoot jn the direct current js reduced by 10% for the I-P

controller, However, the settling time for the P-I controller .is

reduced by 150 ms, as shown in Figure 7.4,
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Influence of the Controllers' Gains on the Djrect Current Step Response

The traces of the jnstantaneous voìtage, dynamìc overvoltage, dc

power and direct current showìng the influence of the controllers, gains

on the system response are presented in Appendix 01.

The current step response study indicates that the I-P control ler

can produce a better system response for hìgh values of proportìonaì

gain. However, there is a ìimit to the proportional gain for the

current control controller, The contribution to the firing angle from

the gain should not exceed 5 to 8 degrees in steady-state operation

because the normal operating firìng angle is around 10 to i3 degrees and

the minimum limit for the integraì control ler contribution is 5 degrees,

Hence, the maximurn proportjonal gain of 0.080 to 0,082 can be used. The

proportional gain for the I-P controller is related to the firing angle

as fol I ows.

Firing angle due to proportìonal gain = KO * IO;

IO = 1,0 p.u. in steady state.

The above-mentioned proportional gain range does not offer any

advantages for the l-P control ler over the P-I controller. Hence, the

I-P controìler has not been considered for further investigations.

It is also observed that the increase in the integral gain for both the

I-P controller and the P-I control ler worsens the system response.

Another controller configuratìon is considered next which provides

the transfer function similar to I-P controller with no restricticns on

the ga ins.
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7.3 MODIFIED I-P CONTROLLER

The modified I-P Control ler confìguration is shown jn Fìgure 7.5.

The transfer function can be written as follovrs (Figure 7.5).

T2(s) . (7.4)
TS'+5(1 +AlK) +K

Equation (7.4) js exactly the same as equation (7.3), provided

K= Kr

The comparison of the modjfied I-P control ler with the P-I control ler is
reported ìn s ubsequent sections.

7.4 DIRECT CURRENT STËP RESPONSE FOR DETAILED MODEL OF THI HVDC SYSTEM
FOR MODIFIED I-P AND P-I CONTROLLERS

The proportìonal and integral gaìns are chosen to be the same for

the P-l and modified I-P control'lers, so that the characteristic

equatìon for both cases has the same roots. Comparing Figure 7.6 and

Figure 7.7, the foìlowing observations can be made,

i ) The rms and dc power response i s faster by 30 ms for the P- i

con tro I I er.

ii) The overshoot in the current response is reduced by 1% in the case

of the modified I-P control ler. In addition, the settling tìme for

the direct cument is reduced by 50 ms for the modifjed I-P

con trol I er.

iii)The overshoot in the dc power for the modified I-P controller is
reduced by 1%.

K

AiKI= KOiorAr={
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Figure 7.5 System Controlìed by Modified I-P Controiier
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lnfluence of Proportjonal and Integral Gains on the Djrect Current Step
Response-

The system responses jn terms of system variables discussed jn

prevìous sectjons for changed gajns of control lers are presented ìn

Appendix D2.

It is observed that the modified i-P controller offers the

advantage of a faster system response without overshoots by using higher

proportional gains. However, an increase in the integral gain for both

modified I-P controller and P-I control ler gains worsens the system

response,

Further, investigations are carried out to determine the abiljty of

the modified I-P control ler to recover the system from some critical
faults and its influence on system starting.

7.5 INFLUINCE OF CONTROLLER CONFIGURATION ON THT SYSTEM STARTING AND
THE SYSTEM RTCOVERY FROM FAULTS

System Startup: It is observed from Figure 7.8 and Figure 7.9 that

the system starting time is shorter for the modified I-P controlìer by

30 ms, In addition, the overshoot is less by 10% in the djrect current

for the modified I-P controller,

The system recovery from the dc ìine fault, three phase to ground

fault, and single phase to ground fault is 'investigated to compare the

performance of the modified I-P control ler to the P-l controller.

System Recovery: The system recovery from various faults reported

in Chapter VI is studied to evaluate the relative performance for both

the I-P and P-i controllers.
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Three Phase to Ground Fault at the Inverter Bus

The system recovery from the three phase fauit at the jnverter bus

js shown in Figure 7.10 and Fìgure 7,11 for the modified I-P controller

and the P-l controllen in terms of variables discussed in Chapters IV

and V. The followìng observat'ions can be made from Figure 7.1i and

Fi gure 7.11,

j ) The dc power recovery i s i ncreased for the P- I controì ler by

200 ms.

ij) The dynamìc overvoltage magnitude is the same, but the duration is

reduced by 200 ms for the P-I controller.

iii) The duration of the peak instantaneous overvoltages is increased by

12 cycles for the modified I-P controller.

iv) Conmutation faiìure is observed (Fjgure 7.10) for the I-P

control I er.

Simjlar results are obtained for the singìe phase to ground fault

and the dc fault at the inverter terminal, The traces for various

variables are presented in Appendix D3. The results for alI three

faults are summarized in Table 7.1 through Table 7.3.
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Table 7.1 system Response for the rhree phase to Ground iaurt at theInverter AC Bus

Instôntaneous
Vo'ì tage Response

Dynamic 0vervo'ì tage DC Power
Response Recovery Tì me

Highest
l,lagnitude Duration

Control ìer in p.u. in ms

Name VO tp

Highest
Itlagnitude Durati on
in p.u, in ms

vo tD

t inr
ms

Itlodi f i ed
T-P

P-I

2. t6

1.63

290

200

1.28

1.25

290

200

319

200

Table 7.2 Systern Response for the Singìe phase to Ground Fault at the
Inverter AC Bus,

Dynamic 0vervoì tage DC Power
Response Recovery lime

Instantaneous
Voì tage Response

Control I er
Name

Highest
Magni tude
in p.u.

vp

Duration
in ns

tp

Highest
Magni tude Duration
in p.u. in ms

ll ¿tD tD

t. in
ms

I
I-P

P-I

2.4 150

?.25 140

1.20

1. 19

150

140

200

200
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Table 7.3 System Response for the DC Ljne Fault at the Inverter
Termi na l .

Instantaneous Dynamic 0vervoltage DC Power
Voltage Response Response Recovery Time

Highest Hìghest
Magn i tude Duration Magnitude Duration

Control ler in p.u. jn ms in p.u. in ms t. in
Name UO tO VO tD ms

P-I 1.25 r70 1.25 170 175

Mod i fi ed
I-P 1.60 320 1.38 320 338
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7.6 DISCUSSION

It is obsenved that the I-P controller provides a better current

step response than the P-I control I er. However, for the current

controller on the rectifier terminal the steady-state firing angle

normally is around 10 to 13 degrees, Hence, a smaìl proportìonal gaìn

can be used only for the I-P controlIer. It is found that the merjts of

the I-P control ler are exploited only for high proportional gain. To

overcome the I imjtation on the proportional gain, a modifjed I-p

controller is used. It is understood from the investigations that the

performance of the modifjed I-P controller is better than the P-I

controller for the step change in the direct current. However, it is

also observed from Table 7.1 to Table 7.3 that the system recovery from

various faults is worse for the modified I-P control ler.

7.7

The

1)

CONCLUS IONS

Various controìler configurations are examined in thjs chapter.

fo1'lowi ng conclusions are drawn.

The I-P controller performs better than the P-I controller for high

proportional gain. However, the I-P control ler cannot be used with

high proportional gain due to the requirements of the current

controller. Hence, it may be concluded that this control ler js of

little use in hvdc system applications.

The modified I-P control ler is proposed as a replacement for the

I-P controller. The modjfied I-P controller ìmproves the direct

current step response. In addjtion, the system starting time is

reduced by the use of the modjfied I-P controller. Further, there

IIJ
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is no limitation on the choice of proportional gains as existed for

the I-P controller,

j ii ) It j s al so observed that the best system recovery cannot be

achjeved by just desìgnìng control ìers by smaìi signal analysis or

the step response. Thjs is due to the fact that the modified I-p

control ler performs better than P-l controi ler for the current step

responses. However, the system recovery from various faults is

poorer for the modjfied I-P controller.

iv) ¡lo significant advantage is gained by changÍng the P-l controller

to the I-P controller.
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CHAPTER VI I I

STATE IDENTIFICATION FOR HVDC SYSTEM:

SOME NEl,l PARAI'IETERS FOR SIGNAL PROCISSING

8.1 INTRODUCTION

Adaptive controls for hvdc systems shotr better results than fjxed

parameter controllers [55]. However, the convergence tjme required for

the adaptive control algorithms can be significant [56]. To overcome

the probì em of sl ow convergence, the I ook-up tabl e concept has been

proposed [56] for real time appìications. 0ne of the essential steps

for the application of a look-up table is the fast state identifjcation

in order to make decisions about the choice of control'ler parameters.

However, state identification has not been well discussed in the power

system control I iterature, Hence, some of the techniques used for other

systems for state identificatjon [5i-58] are examined for hvdc systems.

This chapter is devoted to evaluating the effectiveness of varjous

discriminants to identify various faults. It is assumed in the study

that task-oriented VLSI chips can be designed to achjeve the required

speed of computation. The speed of computation is important because

only 100 ms duration of fault is to be utilized to perform the foì lowing

tasks:

i ) Calculate the discriminants,

ii) Match patterns of the discriminants to identify the fault, and

i i i ) Change controì I er settì ngs.
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It is proposed that in order to perforn the above-mentioned tasks,

informatjon about the signal may be utilized in the fjrst two cycles.

8.2 DISCRIPTION OF VARIOUS DTSCRIMINANTS

State identification js the most jmportant aspect ìn the whole

decision-making domain because the system status wi'l I confjrm what

decjsions should/can be made and how the decisjon-making process' output

has to be implemented.

The foìlowing class of state-identification techniques are

considered:

i ) Stati sti cal Techniques:

This class can further be divided into subclasses as follows:

a) Mean value based decjsions

b) Variance/standard deviation based decisions

c) Kurtosis vaìue based decisions

d) Skewness value based decisions

ii ) Frequency Domajn Techniques:

Sometimes it is easy to obtain information in the frequency domain

and, hence, the folìowing parameters may be used as djscriminants,

a ) Spectrum

b) Harmonic and frequency factors

These technìques have been chosen from available techniques for the

foììowing reasons,

j) These can be implemented without performing the complex mathematj-

cal calculations. Consequently, the computer time needed to make

deci s i ons is smal l.
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ii) Algorìthms gÍve different discniminant values for various faults.

Hence its authenticity and relìabìlity is hìgh.

iii) A1 gorìthms' output can easily be related to decision processes.

8,3 APPLICATION OF VARIOUS DISCRiMINANTS FOR FAULT iDENTIFICATION

Stati sti cal Techniques

Mean, variance, skewness, and kurtosis functions as defined below

have been used for fault djscrimination f59.l.

t\l

f. t,i. ^:Mean=u=+f,N

N"
I (x.-u)'

i=1

v,
õ

N
î /r, r4/. (Àr-uJ

t-l

---7-o

(8. 1)

(e.z¡

(8.3)

(8.4)

N

.Ï" ix.,-u)2
variance=Õ=i=iñ

Skewness = St =
1

x'

Kurtosis = K =+

where X., = vaìue of signaì at ith instant.



143

Frequency Domai n Techniques

The spectrum of each faul t can al so be used as one of the

discrimìnants [58], However, pattern matchìng for the spectrum is tjme

intensjve. Hence, new discrimjnants are defined which util'íze the

informatjon contained ìn the spectrum.

e .2 ç.2tl a.2 t¡ .2'tl
Harmonic Factor (HF ) (a.s)

nr'

Frequency Factor (FF) =

) b. 1.'II
l=r-T--
i=i

(8.6)

N

I
¡--L

N

I
i=1

I
i=1

where G,l

,i

I

Power stored at the ith frequency

ith fr.quen.y

summation over gi ven interval

There can be a problem in calculating a spectrum because of wide

variations or small changes ìn the signal of interest for var'íous system

disturbances. To amplify or limjt these variations, a transformatjon js

used, which is discussed next.
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8,4 LOG-TRANSFORMATION

Normal ly, cepstrum js used 159] to extract ìnformatjon from a

signaì about its frequency contents. However, dual of cepstrum may be

used to extract the information of characteristics of the signal ìn a

tjme domain, The dual of cepstrum may be caìculated by appìyìng the
'I og-transformation on the time domain sìgna1, The 1og-transformation

has the following properties:

a) Elimination of Convolutjon Problem in Frequency Domain

Any given function x(n) can be any of the following forms:

i) x(n) can be a simp'le function, i.e., x(n) = sin tn or x(n) = n.

ii ) x(n) is the product of tr,lo or more functions, i.e, , x(n) =

xr(n) .xr(n).

The frequency domain information of x(n) can be determined by

taking Fourier transform of x(n). However, jn case (ii), the problem of

frequency domain convolution is to be solved. One method of overcoming

the convolution problem js to take log of x(n), i.e,,

x(n) = xr(n) . xr(n)

Iaking ìog of equation (8.7), we get

log x(n) = ì09 xr(n) + tog xr(n)

By defining, y(n) = log x(n); yr(n) = ìog xr(n); and

xr(n), we get,

(8.7)

(8.8)

v2(n) = los

y(n) =yr(n) +yz(n) (8. e)



Equation (8.9) fol'l ows superposition.

probl em can be el imi nated.
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In thi s way, the convol ution

b) Fau ìt Identi fier
The properties of djrect current are used to identify the faults

because the frequency of short faults is rnuch higher than open faults.

Duning shor"t faults the voltage may become zero and can cause a computa-

tion probìem for spectrum analysis.

The direct current is generaì ìy normalized to 1.0 p.u, to represent

the steady-state value and 'l og of 1.0 is zero. Hence, any definite

value of the log-transformed direct cuffent will indicate the disturb-

ance in the system.

c) Trending

Data which ìs segregated can be compressed and wide variations can

be smoothed with the use of a log-transformation. For example, if the

variation in the signaì is taken between 10-6 to 100, this variation can

be reduced to -6 to 2 by taking the 1og, and better trending can be

obta i ned.

d) Frequency Domain Information

The frequency domain information of the signaì remains unaltered,

e.g., ify= a + b sin t; then ìogy = log (a + b sin t).

8.5 RESULTS

The direct current signal has been

discriminants. The direct cument signai

reasons. First, the probabiì ity of short

open faults. Secondly, it represents the

used to calculate different

has been used for two main

faul ts i s much higher than

equivalent current of three
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phases of the ac system of the rectifier and the inverter termjnals.

This minimizes the total number of measurements.

The spectra of the direct current for a fault duration of 100 ms

are calculated for various faults. It is observed from Figure 8.1 that

the spectrum for each fault is different, To improve the computational

efficiency for pattern matching, the harmonic factor and frequency

factors are calculated and tabulated in Table 8.1, It is observed

that the harmonic factor is nearly the same for various fauìts, but the

frequency factor is a good indicator for ìdentifying the fault. The

repetìtion of the experiment shows for different instants of faults a

maximum of 7,0% variation in the value of the frequency factor. Hence,

this factor is chosen as a viable discriminant for further investi-

gation. Skewness and kurtosis are also calcrrlated and their values

are shown in Table 8.1. These factors are calculated without jog-

transformation. The difference in the values of kurtosis and skewness

ìs not very significant for various faults. However, these discrimi-

nants can be used to confirm the decision.

These results are obtajned on the real time, physical component

simulator which has I imitations for representing the system

(Chapter IV). Hence, further Ínvestigations are carried out in the

detai led system using EMTDC to determine the influence of sampl ing rate

on the val ue of di scrimi nant.

It is observed for various faults that the 64 samples/cycles is an

optjmum number because discrimjnants values do not change sìgnificantly

for more than 64 samples/cycìes (Appendix E).
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a)
c)
e)

D.C. Line Fault b) Single Phase to Ground Fault on the Inverter
Remote Síngle Phase Fault d) Remote Three Phase Fault
Sing1e Phase to Ground Fault on Rectifier Bus f) Three Phase Fault on
Rectifier Bus

Figure 8.I I'requency SpecLra for Different Faults



Table 8.1 Discriminants Values for Various Fau'l ts.

Ld5e
No. Type of Fault

Harmonic Frequency
Skewness Ku rtos i s Factor Factor

1 Remote three phase fault 0.955 2,59 1.34 725.0
on the inverter side

2 Remote single phase fault 0,97 2,56 1.58 735.0
on the inverter side

3 Single phase to ground 0.82 2.26 1.18 754.0
faul t on the inverter
ac bus

4 Three phase to ground 0.995 2.63 1.22 844,92
faul t on the inverter
ac bus

5 Single phase to ground 0.i49 2.06 1.18 685.50
fault on the rectifier
ac bus

6 Three phase to ground 1.079 3.15 1.17 651.00
faul t on the rectifier
ac bus

7 DC I ine fault on the -0.429 1.55 1.22 629.00
i nverter end
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8.6 DECISION PROCEDURE

It is very important to make the right decision to identify the

fault. It is observed from Table 8.2 through Table 8.4 that a good

decision can be neached if more than one discriminant is used to

identìfy the fault. The problen of computational t jrne can be resolved

by using a paralìeì processìng technique because all five discrimjnants

can be caiculated independently and simultaneously.

The experiment was repeated only three times because of the

required computer time for the simulatjon of hvdc systems for different

instants of faults. It is observed that the trends of these discrimi-

nants renain unchanged, The values of the standard deviation, skewness,

and kurtosis change wìthìn only 2%, Variations in the harmonic index

are negligible, but the changes in the frequency factors Iie in the 5%

range. Hence, it is decided not to use the frequency domain technique.

The standard devìations, skewness, and kurtosis are also calculated

by performing the ìog-transformatjon. It is determjned that better

resolutjons of the discrimjnants can be obtajned by using log-

transformatjon, as can be observed by comparing case (3) and (5) shown

jn Table 8.2 and Table 8.3 respectively.



Table 8.2 Discriminants Values for Various Faults.

Case
No, ïype of Fault

Standard
Dev i ati on Skewness

No'
Sampl es/

Ku rtos j s Cyci es

1 Steady Sta te

2 DC Line Fault at the
Inverter

3 Singìe Phase to Ground
Faul t at Inverter

4 Three Phase Fault at
the lnverter Bus

5 Single Phase to Ground
Fault at the Rectifier Bus

6 Three Phase to Ground
Fault at the Rectifier Bus

0.01904 -0.66926

0.26314 1.04508

0.16703 -0.70157

0.41887 - 1.08409

0. i70i1 0.84698

0.38108 0.86997

-0. 80294

-0. 18054

-0.67i45

0. 32083

-0. 59688

-0. 55785

Iable 8.3 Discriminants Values for Various Faults with Log-
Transformation.

No.
Sampì es/

Cycì es
Case
No. Type of Fau lt

Standa rd
Deviation Skewness Kurtos i s

Steady State

DC Line Fault at the
Inverter
Si ngì e Phase to Ground
Faul t at Inverter
Three Phase Faul t at
the Inverter Bus
Si ng le Phase to Ground
Fault at the Rectifier Bus
Three Phase to Grou nd
Fault at the Rectifier Bus

0. 02053 -0,69240 -0. 76304

1.52101 -0.43476 0.02533

0.14441 -0.89675 -0.23274

0. 50846 -2 ,32771 5.80805

0.20897 0.64886 -0.97401

2.00063 -0.86988 -0.07058
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Table 8.4 Discrjminants Values for Various Faults (Frequency Domain
Ana lys j s ).

Log Tra ns fo rma t i on
No.

Case Harmonic Frequency Harmonic Frequency Sampìes/
No. Type of Fault Factor Factor Factor Factor Cycìes

1 Steady State 1.26 128.9 1.27 1,29.2 64

2 DC Line Fault at the 1.13 124.0 1.31 131.2
Inverter

3 Single Phase to Ground 1.01 119.4 1.,02 119.9
Fau lt at I nve rte r

4 Three Phase Fault at 1.04 120.4 1.40 135.2
the Inverter Bus

5 Single Phase to Ground 1.19 126.2 1.13 124.7
Fault at the Rectifier Bus

6 Three Phase to Ground 1.18 126,0 1,14 124.2
Fault at the Rectifier Bus
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8.7 DISCUSSION

Various frequency and time domain discrjminants have been examjned

for identifyìng different faults, using a pattern natchìng technique.

ïhe selection of these discriminants has been made on the basis of

computational tjme and their resolution for discriminating various

faults.

The study has been djvided into two parts. The results are

obtained on the physìcal component simulator for 100 ms fault duration.

It has been determined that the frequency factor provides the better

resolution for identifying various faults. However, the kurtosis,

skewness and harmonic factor have not produced good resolution in their

values for varjous faults. It has been observed that after determining

the type of fault, one may need to change system and/or controller

parameters for optimum system recovery. Hence, duratìon of the signal

for which discrjminants were calculated may be reduced. The second part

of the study has been devoted to calcujating these discriminants for th,o

cycìes duration, and the remaining durat,ion of the fault can be used to

make changes in the system and controller parameters.

it has been determined that the frequency domajn discriminants have

not produced the proper resolution for a signal of two cycìes duration.

Hence, another discriminant cal led standard deviation also has been

considered. It has been observed that time domain discriminants provide

better resolution, However, one should consider the standard deviation,

skewness, and kurtosis together in reaching the decision of identifying

the fault to improve jts reliability. It has been determined that 64

samples/cycles have been adequate to calculate these discriminants.
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In addition, the log-transformation has also been suggested to

irnprove the resol ut ion of the various d iscrimi nants.

8.8 CONCLUSIONS

Various discriminants are discussed for fault identification for an

hvdc system. The foììowing conclusions may be drawn from the study

reported in thjs chapter.

i ) Frequency factor js a good discrimìnant for identifying

various faults, provided that the duration of the signal ìs

100 ms.

ii) Harmonic index provìdes poor resolution for identifying various

faults irrespectjve of the duration of the signal.

iii) It js determined that more than one discriminant must be used

to i denti fy the fault.
jv) The fault can be identifìed by pattern matching of standard

deviation, skewness, and kurtosis.

v) The resolution of djscriminant values may be improved by using

'log-transformation.
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CHAPTER IX

CONCLUSIONS

This thesis is a prelude to building a knowledge base system (KBS)

for the controllen of a point-to-point hvdc scheme feedìng to weak ac

systems. A knowledge base about various control schemes at the inverter

terminal is generated. Various controller configurations are evaluated

to produce knovrledge about the effectjveness of configuratjons to be

used for different type of disturbances,

The effectiveness of various control schemes js evaluated by

investigating the system stabiìity and the systen recovery from various

faults at the ac and dc sides of the inverter and rectifier terminals.

Furthermore, influence of the controller and system parameters js

studied to determjne sensitivity of the stabjlity boundaries and the

system recovery time. The system performance subjected to disturbances

is evajuated by examÌning the instantaneous peôk ac voltages, the

dynamic overvoltages (their duration and magnitude), and the recovery

time of the dc power.

The smaìl signal stabìlity of the system is carried out by using

the root locus technique. The fo1ìowing conclusions may be drawn for

al I contro l schemes.

i) Lower values of contro'l ìer gains improve the system stabìlity.

ii) Higher values of the short cjrcuit ratio of the receiving ac

system improve the system stabiìity.
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tii) Lower values of the short circuit ratio of the sendìng ac

system improve the system stabiì ity.

iv) All control schemes, if properly optimized, can provide

essentjal1y the same dampìng.

In addition, a new technique ìs suggested to handle the non-

linearitjes of hvdc systems. It is concluded that the technìque can be

used to determine the system stabìlity for relatively ìarge changes in

the system operating points with only t5% error of Iinearization.

Several ìnvestigations have been carried out on the real time,

physical component simulator to generate an inpression about the

relative performance of various control schemes. For simuìating the

detailed system, including converter transformers saturation, digital

computer study using the EMTDC package has been performed. The follow-

ing conclusions may be drawn from the investìgations.

i ) The same recovery time can be achieved for the dc power by the

appropriate optimization of each control scheme.

ii) It is proposed to introduce a chosen control scheme for a few

cycles (300 ms) just after the fault and then revert the

system operation to the conventional control scheme. Thjs

technique retains the advantage that the system is operated

with the conventional controls during steady-state, which

keeps the reactive power demand and the harmonic generatjon to

the minimum, [,lhereas, during transjents the ac or the dc

voltage control scheme can be inserted to improve the voltage

charactenistics at the jnverter terminal. The swjtching among

control s does not ìead to system instabi ì ity.
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Investigations are carried out to determine the jnfluence of the

sending and the receivjng ac system short circuit ratios on the system

recovery. The followÌng conclusions may be drawn:

j) The reductjon of the short circuit ratio of the inverter ac

system may degrade and slovi down the system recovery,

ii) The reduction of the short circuit ratio at the rectifier sjde

may improve the system recovery,

The investìgations carried out for the rectifier terminal control-

ìer selections show that the modjfied I-P controller may be used to

improve the system stabììity and system starting. Whereas, to improve

the system recovery from various faults, the P-l controller may be used,

An jntelìigent controìIer can make such st,ritching practicaì,

From earljer discussions, it is observed that knowledge base

systems must have the knowledge about each event and corresponding

changes to be made in controller configuratìon, control schemes, and

the control ìer paraneters. To identify the event or the disturbance,

new discrimìnants are suggested. It is determined that 64 sampìes over

two cycles are sufficjent to identify the faults. The use of ìog-

transformation is suggested to improve the resolution of these

di scrimi nants .

SUGGESTED FUTURE l,lORK

The work presented in

fol l owing di rections,

a) Possible application of

the decision procedure

the vari ation of these

this thesis can be further extended in the

expert sys tem/knowì e dge base systems using

may be suggested. However, the extent of

discriminants needs to be evaluated with
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various configurations of the ac system at the receivìng and the

sendjng end, Areas of knowìedge representation for fast

computation of decjsion varjables can be explored.

The reduction ìn short circuit ratio on the sending ac system

'improves the stability of the system. Hence, switching inlout

extra resistance/impedance can be used as an alternative damping

control .

Custom-designed microprocessor chjps can be used for the implemen-

tation of various controls and forming an intel ligent controì1er.

c)
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APPTNDIX A1

Table A1,i(a) Parameters for the Receiving AC System.

Rl L1 ti'i!',x'lTå3J 'i".r Ratìnss
SCR (ohms) (mH) (Volts) (VA)

2.0 69 45.6 25.0 5.0

Table 41.1(b) Parameters for the Sending AC System.

R2
(0 hms )

L2
(mH )

AC Bus Vo I taqe
(Line to Liñe

(vol ts )

25.05.01640

Power flow in the dc Iine = 12.5 t,l.

Current at the rectifier end = 250 mA.

Smoothing reactor (la¡ = 390 rt.
DC resistance of ùhe smoothìng reactor = 2n.

The resistance of transmission ìine = ln.
The inductance of transmission line = 54 mH.

The capacitance of transmission line = 0.676 uF.



Table 41.1(c) AC Filter Data.

Ha rmon i c
Res i stance

( ohms )

Inductance
(mH )

Caoaci tance'(uF)

5th

7th

\zth

i.1

1.1

46.9

41 .4

20.7

15.55

6.8

7.1

Table 41.1(d) Parameters for the Controller on the Inverter Terminal.

Type of Control Integraì Gain Proporti onal Gain

Conventi onal Con tro l
a ) y-control
b ) Current Con tro l
P. F. Control
D. C. Voì tage Control
A. C. Vol tage Control
React i ve Power Control

10.0
40. 0
5.0

10. 0
30. 0
15.0

0.8
0.75
0. 50
0. 60
0. 75
0. 60
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APPENDIX A2

UASE UUNlKUL UN
THE INV.

SUALE
X-axis Y-ax I s
ms/div volts/div

a. Uonven tronal IUU 1U

c. DC Vo-t tage 10

d, AU V ol. tage IU

e. Keac t 1ve yover luu

Figure 42.1 AC Voltage Response for the Sing1e Phase
To Ground Faul.t at the Inverter AC Bus

IU
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THE INV. X-axis Y-axis
ms/div volts/div

a. Conventional 100 10

r tactor

c. DC VoI tage

d, AC Vol tage 100

e, Keact lve Powe r

Figure A2,2 AC Voltage Response for the RemoEe ThFee phase Fault
on lhe Inverter :AC SysEeE

10100

10

1Cì



t_ ttp

THE INV. X-axis Y-ax i s
ms/div vol ts/div

a, Convent ional 100

D. Po!¡er tactor 2OO 10

c, DC VoI tage 10

d, AC VoI tage 100 10

e, Reactive Pover 100 10

for the Remote Single Phase Faulr
AC Sys t em

Figure 42.3 AC Voltage Response
on the Inver ter
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Case CONTROL 0N SCALE
THE INV. X-axis Y-ax i s

ms/dlv volts/dlv

ven t Í onaa.

b, Pover Fac tor 100

c. tage

d. AU Vor tage

eactive

Figure 42.4 AC Voltage Response for the Single Phase to Ground
¡'ault on Ëhe RectifÍer AC System
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THE INV, X-axls Y-axi s
ms/dlv voL ts/d 1v

Conv en t ional 100

ctor

DC Vol tage

AC Vot tage

Reac t L ve Power IUU LU

Figure 42.5 AC Voltage Response for the Three Phase to Cround Fault
at the Rectifier AC Bus

10

10100

1UIUU



UASE L;UN'I'ROL UN

THE INV,
SCALE

X-axis Y-ax i s
ms/d iv volts/div

a. ttona

b, Pover Fac tor IO

c. uu vol tage 1UIUU

d. AU Vol tage IUIUU

trvee.

Figure l\2,6 AC Voltage Response for the DC Fault at the lnverter Termínal
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Case CoNTRoL 0N
THE INV.

SCALE
X-axis Y-axis
ns/div t^latts/div

a. Conventional 100 5.75

b. Power Factor 100 6 .25

c. DC Vol tage r00 6.00

d. AC Voltage I00 6. 00

e. Reactive Por,Jer 100 6.00

Figure A3.I DC Power Recovery from the Single Phase !o
Ground Fault at the Inverter AC Bus



THE INV. X-axis Y-axis
ms/div Vat ts/d iv

a, Conventional IUU

er Fac t or 6.0

c, DC Vol tage 6.0

6.0

e. Reac t r ve Pover luu o.)u

Figure A3.2 DC Power Recovery For the Remote Three Phase
Faul-t at tlìe Inverter AC System
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Case CoNTR0L 0N
THE INV.

SCALE
X-axis Y-axi s
ms/d I v lla t ts /d 1v

a, Conven t i onaf 1OO 5"15

r ¡actor

tage

tage

Figure 43,.3 DC Pover Recovery from the Remote Single
Phase Fault on the Inverter AC System



THE INV. X-axis Y-axis
ms/div Vat ts/dív

a. Conven t i onaf 100 6,0

b. Power Fac tor 100 t).t,

c, DC Vol tage

IUU

e, Reac t i ve Power 1UU

Figure A3,4 DC Po!/er Recovery From the Single Phase to
Ground Fault at the Rectifier AC Bus

d. AC VoI tage

b.)u



t- ttr

THE INV. X-axis Y-ax i s
ms/div Vat ts/div

a.

actor

c, DC VoI tage

tage

ct

Figure 43,5 The DC Poç¡er Recovery for Three phase to Ground Fault
at the Rectifier AC Bus



THE TNV,

d. AC Vol tase i00

e, Reac t ive Power 2|.,)U

Fígure 43.6 DC Power Recovery from the DC Line FauIt at
f nver ter Terninal
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APPENDIX B1

Iable 81,1(a) Data for the Receìving AC System.

SCP

R1 R2 L2
sCR (Ohms ) (0hms) (Henry)

l'4ag Angìe l'4a9, Angle
(Ohms) (deg) (tt'l\/A) (des)

L-L, Fi lter
Voì tage Rati ngs
(kv) (MVAR)

1.5 5.2074 523.81 0.0975 37.385 78 1415 230 200

Table 81.1(b) Data for the Sending AC System.

Rl R2 L2
sCR (0hms ) (Ohms ) (Henry)

Mag Ang le Mag. Angl e
(0hms) (des) (NVA) (deg)

L-1, Fi l ter
Vol tage Rati ngs

( kv ) (¡4vAR )

4.0 0.3059 180.16 0.0139 5.261.85 138 200

Table 81.2 DC Filters at the Inverter and Rectifier Terminal.

Fi I ter Tu ned
( Frequency )

Resistance
(Ohms )

Inductance
( Henry )

Capaci tance
(uf)

6th

L2th

24.0

12.0

0.2444

0.1222

0. 80

0. 40

Smoothing Reactor Inductance = 0.75 Henry,
SmoothÍng Reactor Resistance = 1,0 Ohms.



Table 81.3(a) AC Fjlters Components at the Inverter Bus.

Fi I ter Tun ed
( Frequen cy )

Res i s tance
( onms )

lnductance
( Henry )

Capaci tance
(uf)

5

7

11

13

HP

14.22

14.22

F 1t

5.32

94.80

0.2986

0.2986

0. 0786

0. 0786

0.0072

0.9425

0 . 4810

0. 7395

0.5280

2.2795

Total I4VAR Suppìied by Filters = 200 I'IVAR
Number of Each Filter = 2

Table 81.3(b) AC Filters Components at the Rectifier Bus.

Fi I ter Tune d
( Frequency )

Res i s tan ce
( otrms )

Inductance
( tten ry )

Capacì ta nce
(uf)

7

11

13

HP

E 1'l

5.37

3. 56

3. 56

47 .20

0. 1094

0. 1094

0.0207

0.0207

0,0026

t E'rtÊ.

1.3130

2,1570

1.544

6 .1790

Total MVAR Supplied by Filters = 200 I4VAR

Number of Each Fiìter = 2
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Iable 82.1 Controller Settìngs for Three Phase to Ground Fault at the
Inverter Bus.

Name of
Control
Scheme K- K, T_ T. RemarkspÌab

PFC 0. 60 9. 0 0. 10 0.02 For conventi ona I

AVC 0.65 18.00 0.06 0.01 control Y, = 0.3,

DVC 0.20 3.00 0.03 0.01 Yt = O.S has been

RCC 0.30 4.50 0.10 0.02 used.

RPC 0. 250 5. 50 0. 05 0. 01

Table 82.2 Controller Settings for Singìe Phase to Ground Fault at the
Inverter Bus.

Name of
Controì
Scheme Kp Kl Tu TU Remarks

PFC 0,50 12.00 0.10 0.01 For conventional

AVC 0.45 30.00 0.10 0.03 control Y. = 0.5,

DVC 0.30 4.50 0.10 0.01 Y'. = 0.70.

RCC 0.60 15.00 0.10 0.01

RPC 0 .70 8. 00 0. i0 0. 01

PFC: Power Factor Control
RCC: Reacti ve Current Control
AVC: AC Voltage Control
DVC: DC Voltage Control
RPC: Reactive Power Contro l



Table 82.3 Control ler Settings for DC Ljne Fault.

Name of
Control
Scheme *O Kl Tu T¡ Remarks

PFC 0.5 10.5 0.10 0.01 For conventional

AVC 0.40 40.0 0.10 0.03 control Ys = 0.35,

DVC 0.35 5.0 0.10 0.01 Y'- = 0.55.

RCC 0.80 18.00 0.10 0.03

RPC 0.85 9.00 0.05 0.02

Table 82.4 Control ler Settings for Three Phase to Ground Fault at the
Recti fi er Bus.

Name of
control
Scheme *p KI Tu Tb Remarks

PFC 0.40 12.00 0.10 0.01 For conventional

AVC 0.50 38.00 0.07 0.01 control

DVC 0.40 7.00 0.10 0.01 Y. = 0.3330,

RcC 0.75 i6.00 0.10 0.02 Yt = 0.+SO.

RPC 0.70 11.00 0.10 0.01

PFC: Power Factor Control
RCC: Reactive Current Control
AVC: AC Voltage Control
DVC: DC Vol tage Control
RPC: Reacti ve Power Control
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APPENDIX E

Table E.1 Discriminants Values for Various Faults.

Case
No. Type of Fault

No.
Standard Samp I es/
Dev i ati on Skewness Kurtosis Cycìes

1 Steady State 0.02059 -0.63523 -0.85885 B

2 DC Line Fault at the 0.24602 1.07803 -0.09430
Inverter

3 Single Phase to Gr"ound 0.16668 -0.60095 -0.9621,6
Fau lt at Inverte r

4 Three Phase Fault at 0.47623 -1.1738i 0.40806
the Inverter Bus

5 Singìe Phase to Ground 0.16237 0.89047 -0.54031
Fault at the Rectifier Bus

6 Three Phase to Ground 0.36291 0.91433 -0.49629
Fault at the Rectifier Bus

1 Steady State 0.01970 -0.65604 -0.82257 16

2 DC Line Fault at the 0.25599 1.06310 -0.13241
Inverter

3 Single Phase to Ground 0.16631 -0.64965 -0.82023
Faul t at I nve rte r

4 Three Phase Fault at 0.44255 -1.13468 0.40285
the Inverter Bus

5 Single Phase to Ground 0.16691 0.86735 -0.56667
Fault at the Rectifier Bus

6 Three Phase to Ground 0.37356 0.89082 -0.52522
Fault at the Rectifier Bus

1 Steady State 0.01926 -0.66509 -0.80873 32

2 DC Line Fault at the 0,26079 1.05167 -0.16287
Inverter

3 Single Phase to Ground 0.16670 -0.68316 -0.72365
Faul t at Inverter

4 Three Phase Fault at 0.42660 -1.10304 0.35611
the Inverter Bus

5 Singìe Phase to Ground 0.16906 0.85404 -0.58590
Fauit at the Rectifier Bus

6 Three Phase to Ground 0.37862 0.87720 -0.54603
Fault at the Rectifier Bus

1 Steady State 0.01904 -0.66926 -0.80294 64

2 DC Line Fault at the 0.26314 1.04508 -0.18054
Inverter

3 Singìe Phase to Ground 0.16703 -0.70157 -0.67145
Faul t at Inverter
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Tabl e E.1 (Contjnued)

Standard
No.

Sampì es/Case
No. Type of Faul t Devi ati on Skewness Kurtosis Cycles

4 Three Phase Fault at 0.41887 -1.08409 0.32083 64
the Inverter Bus

5 Single Phase to Ground 0.17011 0.84698 -0.59688
Fauìt at the Rectìfier Bus

6 Three Phase to Ground 0.38108 0,86997 -0.55785
Fault at the Rectifier Bus

1 Steady State 0.01893 -0.67126 -0.80034 128

2 DC Line Fault at the 0.26431 L04157 -0.18995
Inverter

3 Single Phase to Ground 0.16723 -0.71111 -0.64472
Faul t at I nve rte r

4 Three Phase Fault at 0.4i509 -1.07386 0.30025
the Inverter Bus

5 Single Phase to Ground 0.17062 0.84335 -0.60267
Fault at the Rectifier Bus

6 Three Phase to Ground 0.38229 0.86625 -0.56409
Fault at the Rectifier Bus

1 Steady State 0.01887 -0.67224 -0.79913 256

2 DC Line Fault at the 0.26489 1.03977 -0.19478
Inverter

3 Si ng i e Phase to Ground 0. 16734 -0 .71594 -0. 63125
Fault at Inverter

4 Three Phase Fault at 0.41318 -1.06855 0.28919
the Inverter Bus

5 Single Phase to Ground 0.17088 0.84152 -0.60565
Fault at the Rectifier Bus

6 Three Phase to Ground 0.38289 0.86437 -0.56728
Fault at the Rectifier Bus

1 Steady State 0.01885 -0.67272 -0.78954 512

2 DC Line Fault at the 0.26518 1.03886 -0.19724
Inverter

3 Sjngle Phase to Ground 0.16740 -0.71838 -0.62448
Fault at Inverter

4 Three Phase Fault at 0.41224 -1.06584 0.28347
the lnverter Bus

5 Single Phase to Ground 0.17101 0.84060 -0.60715
Fault at the Rectifier Bus

6 Three Phase to Ground 0.38319 0.86342 -0.56890
Fault at the Rectifier Bus
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Table E,2 Discriminants Values for Various Faults for Different
Sampl ing Rates with Log.Transformation.

No.
Samp les/Case

No, Type of Faul t
Standard
Dev iation Skewness Kurtosjs Cycles

1 Steady State 0.02224 -0.65920 -0.82041 I
2 DC Line Fault at the 1.67518 -0.60i54 -0.02200

Inverter
3 Single Phase to Ground 0.14216 -0.74419 -0.73821

Fau lt at I nve rte r
4 Three Phase Fault at 0.70071 -2.38890 5.08907

the lnverter Bus
5 Single Phase to Ground 0.20271 0,70728 -0.90367

Fault at the Rectifier Bus
6 Three Phase to Ground 2.10167 -1.02839 0.52254

Fauìt at the Rectifier Bus
1 Steady State 0.02126 -0.67964 -0.78286 16

2 DC Line Fault at the 7.51929 -0.36785 -0.02372
Inverter

3 Single Phase to Ground 0.1.4275 -0.81853 -0.49150
Faul t at Inverter

4 Three Phase Fault at 0.58892 -2.46791 6,24159
the Inverter Bus

5 Single Phase to Ground 0.20643 0.67489 -0.94181
Fault at the Rectifier 8us

6 Three Phase to Ground 2.01688 -0.88984 0.05386
Fault at the Rectifier Bus

1 Steady State 0.02077 -0.68840 -0.76882 32

2 DC Line Fault at the i.47865 -0.23804 -0.02663
I nverter

3 Single Phase to Ground 0.14375 -0.86925 -0.32284
Faul t at Inverter

4 Three Phase Fault at 0.53444 -2.39734 6.13425
the Inverter Bus

5 Single Phase to Ground 0.20814 0.65769 -0'96300
Fault at the Rectìfier Bus

6 Three Phase to Ground 2.00289 -0.86784 -0.06338
Fault at the Rectifier Bus

1 Steady State 0.02053 -0.69240 -0.76304 64

2 DC Line Fault at the 1.52101 -0.43476 0.02533
Inverter

3 Singìe Phase to Ground 0.14441 -0.89675 -0.23274
Faul t at Inverter
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Tabl e E.2 (Conti nued )

Case
No, Type of Fau 1t

No,
Standard Sampl es/
Devi ati on Skewness Kurtosis Cycìes

4 Three Phase Fault at
the Inverter Bus

5 Single Phase to Ground
Fault at the Rectifier Bus

6 Three Phase to Ground
Fault at the Rectifier Bus

1 Steady State

2 DC Line Fault at the
Inverter

3 Single Phase to Ground
Faul t at I nve rte r

4 Three Phase Fault at
the Inverter Bus

5 Single Phase to Ground
Fault at the Rectifier Bus

6 Three Phase to Ground
Fault at the Rectifier Bus

1 Steady State

2 DC Line Fault at the
Inverter

3 Single Phase to Ground
Faul t at I nverter

4 Three Phase Fault at
the Inverter Bus

5 Single Phase to Ground
Fault at the Rectifier Bus

6 Three Phase to Ground
Fauit at the Rectifier Bus

1 Steady State

2 DC Line Fault at the
Inverter

3 Single Phase to Ground
Faul t at Inverter

4 Three Phase Fault at
the Inverter Bus

5 Single Phase to Ground
Fault at the Rectifier Bus

6 Three Phase to Ground
Fault at the Rectifier Bus

0.50846 -2.32771 5.80805

0.20897 0.64886 -0.97401

2.00063 -0.86988 -0.07058

0.02041 -0.69431 . -0.76047

7.52496 -0,45217 0.021,22

0.14478 -0.91085 -0.18709

0.49596 -2.28600 5.58627

0.20937 0.64439 -0.97961

1.99903 -0.87047 -0.07489

0.02035 -0.69523 -0.75929

1.51677 -0.40571 -0.02111

0.14497 -0.91796 -0.16422

0.48984 -2.26382 5.46453

0.20957 0.64215 -0.98242

1.99829 -0.87098 -0.07632

0.02032 -0.69569 -0.75871

1.52055 -0.4297L 0.021i1

0.14507 -0.92t54 -0.15277

0.48682 -2.25246 5.40i55

0. 20966 0.64102 -0. 98383

7.99777 -0.87091 -0.07818

t28

512
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for Various Faul ts (Frequency Domai n

Case
No. Type of Fault

Log Transformati on 
No.

Harmonic Frequency Harmonic Frequency Samp'ìes/
Factor Faitor' Factor Factor Cycìes

Steady State

DC Line Fault at the
Inverter
Si ngl e Phase to Ground
Faul t at Inverter
Three Phase Faul t at
the Inverter Bus
Si ngl e Phase to Ground
Fault at the Rectifier Bus
Three Phase to Ground
Fault at the Rectifier Bus
Steady S tate

DC Line Fault at the
Inverter
Si ngl e Phase to Ground
Faul t at I nve rte r
Three Phase Fault at
the Inverter Bus
Si ngì e Phase to Ground
Fault at the Rectifier Bus
Three Phase to Ground
Fault at the Rectifier Bus
Steady State

DC Line Fault at the
I nve rte r
Si ngl e Phase to Ground
Faul t at I nve rte r
Three Phase Faul t at
the Inverter Bus
Si ngl e Phase to Ground
Fault at the Rectifier Bus
Three Phase to Grou n d

Fault at the Rectifier Bus

1.38 133.6

1.46 136.9

7.02 119.7

2.10 159.4

1.15 124.9

1.03 120.2

1.33 130.2

1.54 132.2

1 . 02 119.8

1.96 146. 1

1.15 124.3

1.32 123.7

1.30 130.2

1.33 132,2

1.02 119.8

1.69 146.1

1. 14 124.3

1.13 123.7

|.37

1,.12

1.00

f.i3
1.23

r.21

1.32

1. 13

1.00

1.05

1,.20

L.20

1.29

1. 13

i.00

1.05

1.20

1. 19

133.2

123.5

119. 3

r23.9

t27.8

127 .3

131.3

1,24.r

119. 3

121.7

127.2

t26.9

129.2

124.0

119. 3

120. I
126.6

126,4



Tabl e E.3 (Conti nued )

Case

Log Transformatìon
No.

Harmonic Frequency Harmonic Frequency Sampìes/
No, Type of Fault Factor Factor Factor Factor Cycles

1 Steady State 1.27 129.3 1.28 129.5 32

2 DC Line Fault at the 1.13 124.0 1.26 129.4
Inverter'3 Singìe Phase to Ground 1.00 119.4 1.02 1i9'8
Faul t at I nve rte r

4 Three Phase Fault at 1.04 120.4 1.52 138.7
the Inverter Bus

5 Single Phase to Ground 1.19 126.2 1.14 1'24.1
Fault at the Rectifier Bus

6 Three Phase to Ground 1.19 1.26.0 1.13 123.9
Fault at the Rectifier Bus

1 Steady State 1.26 128.9 1.27 129.2 64

2 DC Line Fault at the 1.13 124.0 1.31 13L.2
Inverter

3 Sìngle Phase to Ground i.01 119.4 1.02 119.9
Fault at Inverter

4 Three Phase Fault at 1.04 120.4 1.40 135'2
the Inverter Bus

5 SÍ ngl e Phase to Ground 1. 19 126.2 1. 13 124.1
Fault at the Rectifier Bus

6 Three Phase to Ground 1.18 726,0 1.14 124.2
Fault at the Rectifier Bus

1 Steady State I.26 128.8 1.27 129.0 128

2 DC Line Fault at the 1.13 124.0 1.32 131.6
Inverter

3 Single Phase to Ground 1.01 119.4 1.02 120.0
Faul t at I nve rte r

4 Three Phase Fault at 1.04 120.3 1.38 133'7
the Inverter Bus

5 Si ngl e Phase to Ground 1 . 19 126 .1 1 . 13 124.0
Fault at the Rectifier Bus

6 Three Phase to Ground 1 . 18 L25,9 1 . 14 124.3
Fault at the Rectifier Bus
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Tabl e E.3 (Continued)

Log Transformation
No.

Case
No. Type of Faul t

Harmon ic Frequency Harmonic Frequency Sampìes/
Factor Factor Factor Factor Cycl es

1 Steady State 1.26 128.7 I'26 128.9 256

2 DC Line Fault at the 1.13 124.0 i.30 131.1
Inverter

3 Single Phase to Ground 1.01 1i9.4 L02 120'0
Faui t at I nverter

4 Three Phase Fault at 1.03 120.3 l'37 132.9
the Inverter Bus

5 Si ngl e Phase to Ground 1. 19 126.7 1. 13 124.0
Fault at the Rectifier Bus

6 Three Phase to Ground 1.18 125.9 1.14 124.4
Fault at the Rectifier Bus

1 Steady State L26 128'7 I.26 128'9 512

2 DC Line Fault at the 1.13 124.0 1.31 131.3
Inverter

3 Single Phase to Ground 1.01 719.4 1.02 i19'9
Faul t at I nve rte r

4 Three Phase Fault at 1.03 120.3 1.36 132.6
the Inverter Bus

5 Si ngl e Phase to Ground 1 . 19 126 ,1 1 . 13 124.0
Fault at the Rectifier Bus

6 Three Phase to Ground 1.1B 125.9 1.15 124'4
Fau lt at the Rect ifi er Bus
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